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THE MOLECULAR MICRODISTILLATION OF CHOLESTEROL 
AND CHOLESTEROL ESTERS* 


BY ALFRED E. KOEHLER anp ELSIE HILL 


(From the Santa Barbara Cottage Hospital and the Sansum Clinic Research Foundation, 
Santa Barbara) 


(Received for publication, November 4, 1948) 


Fractional distillation of the sterols and their esters at the pressures 
ordinarily used requires temperatures that may result in deterioration. 
Hickman (1) and earlier workers have developed a cyclic molecular still 
which leaves little to be desired, except that it cannot be used for the 
extremely small amounts of lipides commonly encountered in blood and 
tissue analysis. We have devised a simple molecular still for such analysis, 
in which the distillation is made from a film and which is efficient quanti- 
tatively in amounts up to 5 mg. Not only has this still the advantage of 
using small amounts, but no vehicle is needed and so the distillate is re- 
covered in pure form. The efficiency of the still is high. Hickman reports 
(1) that free sterols are removed at 180° and the esters at 250° in the cyclic 
still, whereas cholesterol in the film still is completely distilled at 88° and 
its esters at 155°. Though the film still is limited to relatively small 


amounts of material, it fulfils a definite need for analytical work. 


Method 


The still, as shown in Fig. 1, consists of two concentric tubes; the inner 
surface of the outer tube serves as the distilling surface and the inner tube 
as the condensing surface. The outer tube measures 200 mm. in length to 
the standard 24/40 ground joint and has an internal diameter of 25 mm. 
The inner, or condensing, tube has an outside diameter of 18 mm., giving a 
distance of 3.5 mm. at all points between the distilling and condensing 
surfaces. The still is connected through a large outlet at the top to a 
metal water-cooled fractionating oil diffusion pump of 20 liters per second 
capacity (Distillation Products VMF20). A Cenco megavac pump with a 
displacement of 31 liters of free air per minute was used for the fore pump. 
The high capacity of this system is of value in giving a uniform minimum 
pressure, not only throughout the distillation period but from day to day. 
The glass joint is sealed by means of a strip of adhesive tape around the 
outer joint. The tape projects } inch upward and this well is filled with 


* A preliminary report was presented at the Thirty-eighth annual meeting of the 
American Society of Biological Chemists at Chicago, May, 1947. 
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2 MICRODISTILLATION OF CHOLESTEROL 


mercury. The smaller arm of the still is connected to a Pirani and a Me- 
Leod gage. The latter is used to check the Pirani gage frequently. : 

A glass jacket which fits on the rubber stopper is used for heating the 
outer tube. The jacket has a side arm at the top and bottom through 
which water is circulated at a constant temperature, or vapor is passed 
from a boiling liquid. A Wood’s metal bath in a long steel tube with an 
electric heating coil on the outside is used for temperatures above 128° 
(amyl alcohol). This bath is raised so as to submerge the distilling tube 
when the desired temperature is reached and lowered again at the end of 
the distillation period. 

In general the amount of lipide distilled has been between 1 and 2 mg. } 
An aliquot of solution representing this amount of lipide is dried in the 
distilling tube, dissolved in 1 ce. of petroleum ether, and, by inclining the 
tube during rotation, dried in an even film up to three-fourths the length 
of the tube. The film covers an area of 95 sq. em. and this represents about 
0.015 mg. of lipide per sq. cm. An even film is important and can be ob- 
tained only if the surface is perfectly clean. Heating is started as soon as 
the pressure reaches 0 on the micron scale of the Pirani gage. This mini- 
mum pressure registers0.003 + 0.002 u on the McLeod gage. Distillations 
are arbitrarily run for 30 minutes unless otherwise specified. At the end 
of the distillation period the oil diffusion pump is cooled as quickly as 
possible with an electric fan, air is admitted into the system, and the distil- 
ling tube removed. The condensing tube and the inner portion of the glass 
joint remain in a fixed position connected tothe vacuum system and are not 
disturbed or disconnected. The condensate is washed down carefully with 
ether from the condenser tube into a beaker. 





Analytical Data 


Preparation of Material—Commercial spinal cord cholesterol was re- 
saponified and crystallized six times from alcohol in dilute solution and 
had a melting point of 147.6°. 

Serum cholesterol was prepared from mixed Bloor filtrates that had been tis 
stored in the refrigerator. The filtrates were concentrated at reduced 
pressure at 40° nearly to dryness and extracted with petroleum ether. pu 
After evaporation of the petroleum ether the lipides were dissolved in a les 
small amount of warm 95 per cent ethyl alcohol and the sterol fraction me 
separated by crystallization at 6°. The sterols were then recrystallized 
four times from 95 per cent alcohol to separate them from the other blood rat 
lipides further. The free cholesterol was separated from the esters by | ter 
alumina adsorption according to the method of Trappe (2). Saponifi- in 
cation was avoided because of the possible changes that might occur. This ) act 
preparation still contained about 3 per cent of esters which were removed 
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by distillation at 80°. The purified serum cholesterol had a melting point 
of 145.6° and probably still contained some contamination. The serum 
cholesterol esters were prepared from the lipides of the Bloor filtrates as 
described above. The free cholesterol was removed by precipitation with 
digitonin and the esters were crystallized at 6° from an ethanol solution of 
the lipides. No attempt was made to obtain the esters in a high state of 
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Fic. 1. Film type molecular still for distillation of small amounts of blood and 
tissue lipides. 


purity, as repeated recrystallizations altered their composition. The cho- 
lesterol esters of the various fatty acids were prepared according to the 
method of Page and Rudy (8). 

Distillation of Cholesterol and Cholesterol Esters—The various prepa- 
rations in amounts of 1.5 mg. were distilled for 30 minutes at differing 
temperatures. The cholesterol in the non-distilled portion, or residue, and 
in the distillate was determined by the Liebermann-Burchard color re- 
action. 

The results of fractional distillation of cholesterol and its esters are shown 
in Fig. 2. Sublimation is appreciable at as low as 50°, and if heating were 
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prolonged, all the cholesterol would volatilize at this temperature. How- 
ever, at 88° all is sublimed in $ hour. There is a sufficiently wide differ- 
ence in volatility between the free cholesterol and cholesterol esters of the 
serum to permit a quantitative separation. Cholesterol palmitate, oleate, 
and stearate have distillation curves not greatly different from those of the 
serum esters, and a mixture of equal parts of these esters has a distilling 
characteristic approximately that of the serum esters. These esters, in 
addition to those of linoleic acid, were found as the main constituents of 





















| | | | | | | | 
100l- anal 
80 |— Propionate —| 
3 
= © Butyrate 
= 
a Cholesterol 
- 40 - 
c 
° 
5 ¥— Commercial o 
2 20 as Cholesterol _ 
> 
0 = Pe — 
l | | | | | | | 





40 60 80 100 —s:120 40 160 180 
Degrees Centigrade 


Fig. 2. Distillation curves for cholesterol and various cholesterol esters at 107° 
mm. of Hg pressure for 30 minutes. 


blood by Schoenheimer (4). In more recent and comprehensive work 
Kelsey and Longenecker (5) found that 85 per cent of the cholesterol 
esters of beef plasma were unsaturated and that linoleic acid comprised 
82 per cent of the total. The distillation curves also show that none of 
the lower fatty acid homologues such as butyric acid are an appreciable 
part of the blood esters. 

Separation of Free Cholesterol from Its Esters—In the separation by mo- 
lecular distillation the free cholesterol is available in an uncombined 
form, whereas in the digitonin separation it is regenerated only with 
difficulty. The application of this method of separation to the blood 
lipides is, of course, complicated by the effect of the other lipides on the 
rate and completeness of the cholesterol sublimation. Table I shows the 
effect of time of distillation on the amount of cholesterol distilled from 
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purified cholesterol and also from dried Bloor filtrates. In both cases 
most of the cholesterol is distilled in 10 minutes, thus giving an ample 
margin for the 30 minute period. In Table II it is shown that the addition 
of sesame oil or cholesterol stearate does not appreciably affect the re- 
covery of cholesterol. Under these conditions sesame oil is only partly 
distilled and no cholesterol stearate is distilled. 

Comparison of Separation of Free Cholesterol in Serum Lipides by Distil- 
lation with Digitonin Precipitation—The total and ester cholesterols were 
determined in the sera of selected fasting subjects by means of digitonin 


Tase I 
Sublimation of Commercial and Serum Cholesterol at 88° 





| Time Resi- 6a Total recovered 
of distil- des Distillate (residue + dis- 
| lation tillate) 
ee, eC ee ices 
| amie | me. | ome. | Second |g, | Per centel 
Cholesterol, 1.05 mg. | 5 |0.18/0.90) 86 (1.03; 99 
| 10 0 | 1.02 97 1.02 97 
15 0 / 1.01 96 1.01 | 96 
30 6| <0 | 1.02 97 1.02 97 
Dried b!ood serum Filtrate 1, 10 cc. | | 
Total cholesterol, 0.80 mg. 5 | 0.61 | 0.20 25 0.81 101 
Free “3 mH ° * | 10 | 0.62 , 0.18 23 0.80, 100 
Ester“ 0.61 “ 30 | 0.60/0.18 23 | 0.78 97 
Dried blood serum Filtrate 2, 10 cc. 
Total cholesterol, 0.84 mg. 5 0.68 | 0.14 17 0.82 98 
Free a vio * * 10 0.66 0.17 21 0.83 99 


Ester ss 0.66 “ 30 | 0.62 | 0.19 23 0.81 96 








* By digitonin precipitation, 


precipitation according to the method of Bloor and Knudson (6). Aliquots 
of the alcoholic filtrate representing 1.5 mg. of total cholesterol were dried 
in the distilling tube under a water pump vacuum at room temperature 
and the lipides were deposited in an even film on the inner surface, as has 
been previously described. The distillations were then made for a period 
of 30 minutes at 88° or 100°. Table III shows a remarkable agreement 
between the results from the digitonin and the distillation methods in sera 
from healthy subjects. These subjects were selected to represent a wide 
range in serum total cholesterol, and although some values are outside the 
usually accepted normal range, careful physical and the usual laboratory 
examinations did not reveal any abnormalities. The values at both 88° 
and 100° indicate a considerable leeway in temperature for free cholesterol 
and ester separation. On the other hand, the free cholesterol percentage 
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of the total was 11 per cent lower at 88° and 6 per cent lower at 100° in the 
distillation method for the abnormal series. The explanation for this is 
not clear. In these sera there apparently is present a substance which is 
precipitated along with the free cholesterol by digitonin and gives the 
cholesterol color reaction, but is not distilled under conditions in which free 
cholesterol is readily and completely sublimed. This may be an altered 
form of cholesterol. 

Distillation of Cholesterol Esters—Some insight into the composition of 
the cholesterol esters can be obtained by fractional distillation. Since 
nothing is known about the uniformity of the ester composition in blood or 
tissues in health or disease, an attempt has been made to see whether any 





Tas_e IT 
Recovery of Cholesterol from Added Lipides at 88°; Distillation 30 Minutes 
| Recov- 
| Resi- | Distil- | ery of 
due | late | choles- 
| terol 
oe Seek, | mg. | mg. | per cent 
0.5 mg. cholesterol + 1.0 mg. sesame oil..................... | 0 | 0.48 96 
1.0 “ a Oe ae ee 10 | 0.98| 98 
a5 * * +1.5 “ cholesterol as cholesterol acedl | 
ESE oy Sen Rey oe ee a ee eke ed anes 1.50 | 0.50 | 100 
0.5 mg. cholesterol + 2.0 mg. cholesterol as cholesterol stear- | 
RGR SS RE BS) SP 0) Se 1.97 | 0.51 | 99 








gross differences exist. Bloor filtrates of various sera from fasting sub- 
jects were treated with digitonin to remove the free cholesterol. The ester 
fraction was distilled at 128° in amounts equivalent to approximately 1.5 
mg. of cholesterol. The question naturally arose of the influence of varia- 
tion in other lipides present on the amount of ester distilled. Table IV 
shows the effect of adding serum fatty acids and also of removing the phos- 
pholipides by acetone-MgCl, precipitation. The slight changes which oc- 
curred were probably within the range of experimental error. Further- 
more, since a constant amount of ester cholesterol was always taken and 
since the neutral fats in general rise or fall with the cholesterol level, their 
relative ratios were probably little altered. 

Table V shows the distillation of 1.5 mg. of ester cholesterol, expressed 
as cholesterol, from normal and abnormal fasting sera and of the intima 
of human aortas. The abnormal sera were from subjects with cirrhosis 
of the liver, diabetes, and hypertension. The conditions of distillation, 
namely time, temperature, and pressure, remained constant from one de- 
termination to the next. Although 128° falls on the steep portion of the 
ester curve as shown in Fig. 2, it was found that duplicate distillations gave 
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comparable results. Furthermore, the standard deviation of the mean in 
sixteen different normal subjects as shown in Table V was relatively small 
for this type of analysis. The abnormal sera esters, however, were defi- 


TABLE III 


Comparison of Separation of Free Cholesterol by Distillation and by Digitonin 
Precipitation; Distillation 30 Minutes 








| Free cholesterol separation 
Total | - — — —— 

Subject No. Diagnosis choles- Ae By distillation 
terol By digitonin pink cise ee ee 
precipitation 





88° 100° 
mg. per mg. per percent mg. per percent mg. per | per cent 
100 ce. | 100 cc. | of total | 100 cc. | of total | 100 cc. | of total 








1.M.W. | Healthy subjects 590 | 175 | 30 | 148| 25 | 143| 24 
. 3, B. 110 31 | 28 32 | 29 31 | 28 
.¥. ¥. 163 38 | 23 44| 27 46 | 28 
4. H.W. 362 104/ 29 «91 25 | «94! 26 
5. J. R. 226 | 63) 28 61 | 27 59 | 26 
6. C. F. 448 | 121| 27 | 107| 24 112 | 25 
Ph. 1. 332 | 80 | 24 | 90| 27 | 80] 24 
8. M. S. 352 | 89| 25 | 78| 22 | 92] 26 
‘t. . | 236 | 41] 17 | 47] 20 | 45 | 19 
. ar | on Pt | ee 
ee See eee ee | 313 | 26 | 25 | | 25 
os of difference from digi- | | 
tonin-method:...........< << 0«0<.%s | | | —1 | —] 
Standard deviation of mean.... | +1 I | +1.0 
1.G.T. | Cirrhosis of liver 290 | 117| 61 | 154] 53 | 162] 56 
2.W. W. | Schiller-Christian 527 | 242] 46 | 221 | 42 | 232| 44 
3. E.M. | Diabetic ketosis 260 | 102| 39 | 57| 22 | 81 | 31 
4.W.B. | “ a | 290 | 104 | 36 78) 27 | 81) 28 
5. A. K. Cirrhosis of liver | 352 127 | 36 74| 21 | 102) 29 
6. J. M. « “9 | 262 94 36 68| 26 | &1/| 31 
7.D.M. | Diabetic fatty liver 275 96 | 35 69} 25 | 66| 24 
8. E. H. a ye 420 | 143| 34 | 92| 22 | 105! 25 
9 L. L. Cardiac failure | 220 | 73| 33 46 21 55 | 25 
EERIE: 3 <5 Rts: gb leln nc BR Rre eraeiets | 322 | 39 29 32 
™ of difference from digi- 
tonm method: ............553. —1l —6 
Standard deviation of mean.. +1.3 +0.9 





nitely less volatile and presumably contained esters of higher fatty acids. 
These findings merely indicate that such variations may exist in selected 
subjects, but not that they are characteristic of any particular disease. 

The lipides of the intima and of the inner media of the aorta of adult 
subjects who had died from a variety of causes were extracted with warm 
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TaBLeE [IV 


Effect of Changes in Composition of Lipides on Cholesterol Ester Distillation at 128° 
for 30 Minutes 





Standard deviation 


No. of subjects Distilled esters Difference sey peep 
per cent of total per cent of total per cent 

6 62 59* —3 +2.6 

10 62 63t +1 +1.9 


* 1 mg. of serum fatty acids added. 
+ Phospholipides removed. 


TABLE V 
Average Values for Distillation of Serum Cholesterol Esters at 128°; Distiliation 30 
Minutes 
: _ Aliquot 
Esters fo heel ee Distilled esters 
cholesterol 
standard 
mg. mg. per cent | deviation 
of mean 
Normal Serum... ...........;. 16 0.76 0.55 72 +1.13 
Abnormal serum.............. 16 0.74 0.40 54 2.50 
0.75 


MIG ashe, cnt hie cae wareaie histo 13 


0.49 | 64 +2.23 





TaBLe VI 
Distillation of Serum Cholesterol Esters in Diabetes at 128° for 30 Minutes 





Uncontrolled Controlled 
Subject eee ae = Peso 
Blood sugar Esters Distillate | Blood sugar Esters Distillate 
me. m4 100 | mg. = per per cent mg. oa 100 | mg. a 100 per cent 
(Se i a 410 235 55 98 185 70 
as. ee Bao 305 220 47 110 205 53 
35 Sintgl to eee ae 298 | 225 67 114 185 72 
Cy So eae 260 175 61 | 96 180 73 
Lo Re ae ee 380 355 72 76 210 71 
SP ae 410 | 210 66 64 190 75 
_ CIR. 197 | 185 47 | 105 160 64 
RS PR. oon Ss 59 68 
Standard deviation of | 
es aM ae +3 +2 
* Coma. 


alcohol in a homogenizer and the residue was further extracted with ether 
in a Soxhlet type of extractor. The alcohol and ether extracts were com- 
bined, dried in vacuo, dissolved in petroleum ether, and filtered. The free 
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cholesterol was precipitated with digitonin. Aliquots representing 1.5 mg. 
of ester cholesterol were distilled... The average yield of ester cholesterol 
from aorta was 56 per cent of the total cholesterol. The aorta esters were 
less volatile than the normal serum esters but were more volatile than the 
abnormal serum esters. 

As is shown in Table VI, there probably is a shift in the nature of the 
esters in uncontrolled diabetes. The distilled portion in the controlled 
group was 15 per cent higher than in the uncontrolled group. 


DISCUSSION 


Molecular distillation from a thin film of lipides is of particular value in 
sterol separations because of the relatively low temperature required, the 
practically complete absence of oxygen, and the fact that the free choles- 
terol is uncombined and directly utilizable for further study. 

The complete separation of free and ester cholesterol makes available 
another quantitative method besides that of digitonin precipitation. The 
fact that the two methods agree so closely for healthy subjects suggests 
that probably no other substance giving the Liebermann-Burchard color 
reaction enters into the free cholesterol fraction. On the other hand, in 
liver disease with low esters the free cholesterol percentage of the total runs 
11 per cent lower with this method than with the digitonin method. Since 
the liver is instrumental in both the synthesis and disintegration of choles- 
terol, as well as in its esterification, it is quite possible that an abnormal 
liver metabolism might result in the formation of substances akin to but 
not true cholesterol. 

The uniformity of normal serum cholesterol esters indicates that the nu- 
tritional status, variation in type of food ingested previous to fasting, differ- 
ences in activity, and fluctuations in the total ester value have little if any 
effect on the ester composition. That this may vary, however, in con- 
ditions associated with various diseases, and that the shift is toward an in- 
crease in the higher fatty acid homologues are shown by our data. Since 
such a shift may indicate the presence of esters of a lower solubility in the 
blood serum, this could well be a factor in the deposition of cholesterol 
esters in the blood vessel walls. The finding that in uncontrolled diabetes 
the esters are also of the higher homologue type fits in with the fact that 
in diabetes there is a high incidence of arteriosclerosis. 

A difficulty that might introduce an error in the ester fractionation studies 
is the fact that the esters are distilled from a rather complicated lipide mix- 
ture, variable constituents of which might influence the rate of distillation 
of the esters. In attempts to rule out this possibility, our efforts to separate 
the esters from the other lipides, particularly the neutral fats, by selective 


1 We are indebted to Dr. George Loquvam of the Department of Pathology for 
the dissection and preparation of the tissues. 
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solubility, fractional crystallizations, and adsorption have always resulted 
in an alteration in the ester composition. 


SUMMARY 
A molecular still of small dimensions and high efficiency is described for By 
the analytical determination of cholesterol and its esters in blood and tis- 
sues. 
The distillation curves of cholesterol and cholesterol esters from various 
sources are given. Cholesterol sublimes completely below 88° and can be I 
separated quantitatively from the cholesterol esters of the blood lipides. Pe ied 
The percentage of free cholesterol in the total cholesterol of normal blood, | of 
as determined by distillation, agrees closely with values secured by the digi- | esse 
tonin method, but results about 11 per cent lower are obtained in cases of tein 
liver disease with low ester value. and 
The fractional distillation of cholesterol esters indicates a fairly uniform | __ ably 
composition in healthy subjects, but the esters associated with certain dis- | Jon 
ease processes are less volatile. In uncontrolled diabetes the esters are less | ___froy 
volatile than those in controlled diabetes. ficu 
The esters of the intima of human aortas are similar in composition to dete 
those of serum. pier 
tive 
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THE DETERMINATION OF PROLINE IN PROTEIN 
HYDROLYSATES WITH LACTOBACILLUS BREVIS* 


By MAX 8S. DUNN, LAWRENCE E. McCLURE, anv R. BRUCE MERRIFIELD 
(From the Chemical Laboratory, University of California, Los Angeles) 


(Received for publication, December 6, 1948) 


Proline was first determined in 1901 by Fischer (2), who isolated copper 
t- and pu-proline dihydrates from an ester fraction of an acid hydrolysate 
of casein. During the ensuing three decades proline was determined 
essentially by this procedure in the hydrolysates of more than 50 pro- 
teins by Fischer (1901-11), Abderhalden (1902-36), Osborne (1906-11), 
and other workers. That data of satisfactory analytical value were prob- 
ably unobtainable by the ester method was demonstrated by Osborne and 
Jones (3), who were able to recover only about 73 per cent of the proline 
from a mixture containing eleven pure amino acids. Because of the dif- 
ficulties encountered in the ester fractionation method, proline has been 
determined by isolation as the hydantoin (4), cadmium chloride salt (5), 
picrate (6), rhodanilate (7), and the mercury salt of its N-methyl deriva- 
tive (8) from butanol extracts, copper salts, or protein hydrolysate frac- 
tions of other types. Dakin (9) determined proline by extracting protein 
hydrolysates with butanol and crystallizing the proline from ethanol 
solutions which had been treated with mercuric acetate and barium hy- 
droxide to precipitate other monoamino acids. Jones and Johns (10) 
determined proline by calculation from the total and amino nitrogen 
values of hydrolysates which had been freed from the basic amino acids 
by precipitation with phosphotungstic acid. Guest (11) proposed a 
method based on the colorimetric determination of pyrrole obtained by 
oxidation of proline; however, proline and hydroxyproline could not be 
differentiated by this procedure. 

The solubility product principle was adapted by Bergmann and Stein 
(12, 13) to the quantitative determination of proline in gelatin hydroly- 
sates. Although the method appears to yield reliable data when the nu- 
merous precautions emphasized by these authors are observed, it has not 
found wide application. Extensive data on the recovery of N-acetylpro- 
line from mixtures of acetylated amino acids have been reported by Synge 
et al. (14-16) and by Tristram (17). These authors stated that the pro- 
line values may be accurate to +5 per cent. Polson et al. (18) have de- 


* Paper 53. For Paper 52, see Rockland and Dunn (1). This work was aided by 
grants from the Nutrition Foundation, Inc., the National Institutes of Health, 
United States Public Health Service, and the University of California. 
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TABLE I 
Composition of Basal Medium* 














Constituent oie | Constituent erg oe 
gm. | gm. 
Amino acids 15.8 | KH2PO, 0.3 
ms. Mineral saltst 0.24 
pt-Alanine 920 | MgS0,-7H20 0.12 
L-Arginine HCl | §20 | FeSO,-7H2O 0.006 
Natural asparagine H,O ' 1440 | MnS0O,-4H:0 0.006 
L-Cysteine HCl | 600 me. 
L-Glutamic acid 1480 Vitaminst 10.763 
Glycine 260 Nicotinamide | 9.0 
L-Histidine HCl-H:O 260 Y 
p-Isoleucine 960 p-Aminobenzoic acid Lae 
L-Leucine 560 Biotin 1.5 
pi-Lysine HCl 2680 | Calcium dl-pantothenate 900 
pu-Methionine 360 | Choline chloride 120 
pL-Norleucine 400 | Folie acid 20 
pi-Norvaline 400 | {Inositol 120 
pt-Phenylalanine 560 | Pyridoxal HCl 120 
pi-Serine 500 |  Pyridoxamine 2HCl 120 
pL-Threonine 1380 Pyridoxine HCl 120 
pi-Tryptophan 160 Riboflavin 120 
L-Tyrosine 480 | Thiamine chloride HCl 120 
pu-Valine | 1880 | — 
| 8” | AGTU mixture§ 120 
Carbohydrates 52.5 | Adenine 30) 
L-Arabinose _ 45.0 Guanine 30 
p-Glucose, anhydrous 7.5 Thymine 30 
Sodium acetate | 45.0 Uracil 30 
Phosphate buffer salts { 0.6 HX mixture! 60 
K:HPO, 0.3 Hypoxanthine 30 
Xanthine 30 





* All the constituents were of c.p. quality. The medium is prepared conveniently 
as follows from the indicated quantities of constituents. Suspend the amino acids 
in 600 ml. of distilled water, add 10.0 ml. of the adenine-guanine-thymine-uracil 
solution, and stir the mixture until the amino acids dissolve. Add the glucose and 
sodium acetate and stir the suspension until the solids dissolve. Add 3.0 ml. of 
phosphate buffer salts solution, 3.0 ml. of mineral salts solution, 10.0 ml. of hypo- 
xanthine-xanthine solution, 1.00 ml. of the vitamin solution, and the arabinose. 
Stir the mixture until the solid dissolves, adjust the pH of the solution to 6.8, and 
dilute the solution to 1 liter with distilled water. Steam, but do not autoclave, the 
final solution for 20 minutes at 100°. The concentration of the constituents of the 
basal medium in the final 3.0 ml. volumes of assay solutions was two-thirds that 
indicated in Table I. 

+ 0.1 n HCl solution containing 4.0 gm. of MgSO,-7H:0, 0.200 gm. of FeSO,-7H:0, 
and 0.200 gm. of MnSOQ,-4H:0 per 100 ml. 
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TaBLE I—Concluded 


t 50 per cent ethanol solution containing 45.0 mg. of calcium dl-pantothenate, 
450 mg. of nicotinamide, 1.00 mg. of folic acid, 0.075 mg. each of biotin and p-amino- 
benzoic acid, and 6.0 mg. each of the other vitamins listed per liter. 

§ 0.5 n HCl solution containing 0.30 gm. each of adenine, guanine, thymine, and 
uracil. 


|| 0.6 n NaOH solution containing 0.30 gm. each of hypoxanthine and xanthine. 
¥ Distilled water solution containing 10.0 gm. of K,HPO, and 10.0 gm. of KH:PO, 
per 100 ml. 


scribed a method for the determination of proline by paper chromatog- 
raphy and ninhydrin analysis. 

With the advent in 1943 of microbiological methods for the determina- 
tion of amino acids it seemed a reasonable expectation that a satisfactory 
procedure could be developed for proline. That Leuconostoc mesenteroides 
P-60 might be employed for this purpose was indicated in 1944 by the 
report (19) that proline was essential for the growth of this organism. 
Two other lactic acid bacteria, Lactobacillus arabinosus 17-5 (20) and 
Lactobacillus fermenti 36 (21), have been shown not to require proline. 
Values have been reported, subsequently, for proline,'! determined micro- 
biologically with Leuconostoc mesenteroides P-60 and different basal media, 
including one described by the present authors (19). While the data ob- 
tained for proline in corn steep liquor (25), botulinum toxin (26), urine of 
mice (27) and humans (28), plant viruses (29), and purified proteins (30- 
34) appear to be satisfactory for comparative purposes, there is little basis, 
other than approximate agreement with literature values, on which to 
judge their probable accuracy. 

Because of the observation (35) in 1947 that proline was synthesized by 
Leuconostoc mesenteroides P-60 after prolonged incubation on an enriched 
basal medium, it seemed probable that this amino acid could not be de- 
termined with high precision and accuracy with this organism and any 
available near optimal or suboptimal basal medium. It was conceivable 
that the incompleteness of the latter might be overcome by nutrients 
introduced into the assay solution by the test sample. In searching for a 
more promising organism a systematic study? was made of the nutritional 
requirements of five organisms which, as had been shown previously, 
synthesized proline only slowly even on an enriched basal medium (35) 
and produced a relatively large amount of acid on the same medium con- 
taining arabinose rather than glucose (36). The organisms investigated 


1 Proline has been determined in several proteins by Brand et al. (22), who em- 
ployed a prolineless mutant of Neurospora crassa and an unpublished method. A 
mutant strain of Escherichia coli which grows only in the presence of proline has 
been investigated by Tatum (23) and by Simmonds and Fruton (24). 

* To be reported in a forthcoming paper. 
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TABLE II 


Proline Found in Casein, Silk Fibroin, and Amino Acid Test Mixtures Simulating 
These Proteins* 





Samplet Per cent proline 

amene neni Caries PR we re te shyt. nthe Be nace ke Rete ewe aie AS | 90:8 .@2) 
Pe Meares tt Sirs Sue Jay, SBS eas Nive oe R wee usd | 3.7 Gs) 
I oS orn Pela ase ain nun kolo eked ieee Sees | 0.55 (1.0) 
- I ih os ei Liat Meat tar tn Ae iat Wee kivien dee Yaa s 0.58 (1.2) 
Casein I hydrolyzed** + 4% proline. ................... 0. ceca | 101 (2.3) 
ae | | es * 4 4%, Bee a iar he och. e ccras'a Sg PeaE om SeA | 98 (2.8) 

OF ee ees I I a sig sisi nce nies vie vain vine nines | 103 (2.4) 

« 44% « oe, 2a Ma Rae | 98 (4.0) 
Silk Fibroin II hydrolyzed** + 4% proline...................... | 96 (4.9) 
2. eee A Ig ok ccc cece eis | 104 (2.8) 
ERNIE TOI PIERRE is le, che ok eee Rs Se beDbSR ca Sele t aQ@5 (2.7) 
“ - Phe NR iia Big is aida ER ds Kalin AARP Og 93 (2.1) 
«a ee err. oere 101. (1.5) 
TL eigenen | 96 (1.6) 
ea gue, ae a Dee OO argh ta en | 96 (1.2) 

ne - “tt hydrolyzed** + 4% (total) proline.........| 98 (1.6) 

‘i ” “ tt + 4% (total) proline, hydrolyzed**.......| 95 = (1.8) 
ee ee ee | 99 (1.6) 








* The purified sample of L-proline employed as the standard contained negligible 
moisture and ash. Its nitrogen content was 99.6 per cent of the theoretical amount 
and the specific rotation was [a] "5° = —85.23° in water where c = 1.4951, 1 = 4.0, 
and a = —5.097°. Another sample of L-proline, obtained through the courtesy of 
Dr. E. E. Howe (Merck and Company), was reported to be 99.5 per cent pure accord- 
ing to phase rule solubility determination. The specific rotation of this sample was 
found to be [a] 5° = —84.79° and its activity towards Lactobacillus brevis 97.1 
per cent that of the authors’ preparation. Each value recorded for Casein I, Silk 
Fibroin I, casein test mixture X 4, and casein test mixture X 10 is a single deter- 
mination. Each value recorded for Casein II, Silk Fibroin II, casein test mixture 
< 5, casein test mixture X 15, and silk fibroin test mixture is the average of two 
closely agreeing percentages found in separate experiments. Each value recorded 
for casein test mixture X 1, casein test mixture hydrolyzed plus proline, and casein 
test mixture plus proline hydrolyzed is the average of three closely agreeing per- 
centages found in separate experiments. Each figure in the parentheses represents 
the mean deviation from the mean found for proline at the different levels of sample. 

+ p-Proline (6 to 34 y) in pt-proline, hydroxy-t-proline (10 to 5000 y), p1L-orni- 
thine HCl (10 to 5000 y), and Lt-pyroglutamic acid (8 to 4000 y) were inactive within 
detectable limits towards Lactobacillus brevis. 

t Described previously (38), containing 6.21 per cent moisture, 0.55 per cent 
ash, and 15.60 per cent nitrogen corrected for moisture and ash. 

§ Prepared essentially as described previously (38) and containing 9.66 per cent 
moisture, 0.63 per cent ash, and 15.35 per cent nitrogen corrected for moisture and 
ash. 

|| Described previously (38), containing® 5.68 per cent moisture, 0.25 per cent 
ash, and 18.7 per cent nitrogen corrected for moisture and ash. 


| 


| 
mois 


ash. 
*4 


ture 
trica 


nati 
basa 


TI 
Dun 
and 
amir 
the s 
All s 
trati 
effec 
mixt 
run | 


to pl 
tions 
was 
grow 
for 2 
once 
pens 
alent 
cuba 

Sa 
proliy 
proxi 





it 
id 


nt 


DUNN, MCCLURE, AND MERRIFIELD 15 


TaBLe I]—Concluded 


{| Prepared essentially as described previously (38) and containing 1.12 per cent 
moisture, 0.0 per cent ash, and 17.95 per cent nitrogen corrected for moisture and 
ash. 


** By heating approximately 1.0 gm. sample of protein or amino acid test mix- 
ture with 10 ml. of 5.97 Nn HCl for 18 hours at 120° in a Leiboff urea tube in an elec- 
trically heated Leiboff urea apparatus. 

tt Composition essentially the same as that given previously (38). 

tt Composition essentially the same as that given previously (39), except for the 


addition of 2.8 per cent of L-aspartic acid, 0.40 per cent of L-tryptophan, and 6.8 
per cent of pi-valine. 


were Lactobacillus lycopersict (4005),* Lactobacillus pentoaceticus (367), 
Leuconostoc mesenteroides P-60 (8042), Leuconostoc citrovorum (8081), and 
Lactobacillus brevis (8257). A microbiological procedure for the determi- 
nation of proline with Lactobacillus brevis and the arabinose-containing 
basal medium given in Table I is described in the present paper. 


EXPERIMENTAL 


The assay techniques were essentially the same as those described by 
Dunn et al. (37). The protein hydrolysates, the inoculum suspensions 
and solutions of the basal media, amino acid test mixtures, the standard 
amino acid and sodium chloride were delivered to 4 inch test-tubes with 
the aid of a Brewer automatic pipette (Baltimore Biological Laboratories). 
All solutions, except the basal media, were adjusted to the same concen- 
tration of sodium chloride to compensate for any stimulatory or inhibitory 
effects of this salt. The standard (fifteen levels), the amino acid test 
mixtures (ten levels), and the protein hydrolysates (ten levels) were each 
run in quadruplicate or triplicate. 

All solutions (final volume, 3.0 ml. per 4 inch test-tube) were adjusted 
to pH 6.8 and sterilized by being steamed for 20 minutes at 100°. Solu- 
tions autoclaved for 10 minutes were colored deep orange. The inoculum 
was prepared by inoculating the previously described medium (37) with 
growth from a tomato juice-agar stab, incubating the inoculated solution 
for 24 hours at 35°, centrifuging the suspension, and washing the cells 
once with saline. Each assay tube was inoculated with 0.10 ml. of a sus- 
pension of the washed cells diluted with saline to an optical density equiv- 
alent to about 90 per cent transmission. The inoculated tubes were in- 
cubated for 72 hours at approximately 34°. 

Satisfactory assay values were obtained over the range, 6 to 42 y, of 
proline. At the 42 y level of proline, acid was produced equivalent ap- 
proximately to 19 ml. of 0.03 n NaOH (per 3.0 ml. final volume of solu- 


* American Type Culture Collection number. 
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tion per tube). Acid equal to about 1.7 ml. of 0.03 n NaOH was formed 
in each blank tube. Acid production in the standard and test sample 


tubes differed by 1.5 + 0.9 per cent. The experimental results are shown 
in Table IT. 


DISCUSSION 


The described assay procedure is considered to be satisfactory because 
acid production was relatively high, the standard curves were smooth and 
uniform except for a lag period up to 3 y of proline, relatively little acid 
was formed in the blank tubes, and there was no evidence of any stimula- 
tory or inhibitory effects. The recoveries of proline from amino acid test 
mixtures simulating the composition of casein and silk fibroin averaged 97 
(93 to 102) per cent and the recovery of proline added to two different 
casein and two different silk fibroin samples, before and after hydrolysis 
of the protein or the mixtures, averaged 100 (96 to 104) per cent. 

Some additional observations of particular significance were that the 
activity of L-proline was inappreciably altered by heating it for 18 hours 
at 120° with 6 n HCl in the presence and absence of other amino acids, 
and that hydroxy-u-proline, pL-ornithine, and L-pyroglutamic acid were 
inactive towards Lactobacillus brevis. The authors’ method was found 
adaptable without significant decrease in precision or probable accuracy 
to assays of a protein (silk fibroin) and amino acid test mixtures with rela- 
tively low (about 0.5 per cent) proline content. 


Proline in Casein 


The proline found in casein (corrected for moisture and ash) averaged 
10.5 (10.3 and 10.7) per cent for two samples of casein. This value is in 
good agreement with that (10.6 per cent) which Tristram‘ found by par- 
tition chromatography for a sample of casein containing 15.65 per cent 
nitrogen. This percentage of proline was considered to be reliable to +2 
per cent. Other values for proline in casein, both higher and lower than 
the percentage obtained in the present experiments, have been reported. 
These percentages include (a) 11.6 + 0.7 (82), 11.2 (34), and 9.36 (31), 
determined microbiologically with Leuconostoc mesenteroides P-60, (b) 8.2 
(11) and 8.1 (41) determined by colorimetric analysis of a degradation 
product (pyrrole), (c) 4.7 to about 10 (42-47), determined by calculation 
from the non-amino nitrogen of an ester fraction soluble in ethanol, (d) 
6.7 (8) determined as the mercury double salt of stachydrin (dimethy!- 
betaine of proline), and (e) 0.6 to 3.5 (1, 48-50) determined by isolation 
of the copper salt from an ester fraction. 


* Quoted by Chibnall (40). 
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Proline in Silk Fibroin 


The proline found in silk fibroin (corrected for moisture and ash) aver- 


aged 0.57 (0.55 and 0.58) per cent for two samples of silk fibroin. The 
proline content of silk fibroin prepared from silk proteins obtained from 
different sources has been found to vary from about 0.7 to 2.5 per cent by 
Abderhalden et al. (50-60) and other investigators (61, 62) on the basis 
of the copper salt isolated from ester fractions. 


SUMMARY 


A microbiological method has been described for the determination of 


proline in protein hydrolysates with Lactobacillus brevis. It was found 
that the proline content of moisture- and ash-free casein and silk fibroin 
was 10.5 and 0.57 per cent, respectively. 
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THE ROLE OF PTEROYLGLUTAMIC ACID IN TYROSINE 
OXIDATION BY RAT LIVER TISSUE 


By GERTRUDE RODNEY, MARIAN E.. SWENDSEID, anp ANN L. SWANSON 


(From the Research Laboratories of Parke, Davis and Company, Detroit) 
(Received for publication, December 9, 1948) 


In so far as their function in nutrition is defined, the vitamins have been 
found to be essential components of several enzyme systems (1). In this 
connection there is evidence that the vitamin, pteroylglutamic acid 
(PGA), is necessary in an enzyme system concerned with oxidation of the 
amino acid tyrosine. Experiments have shown that livers from rats with 
a PGA deficiency produced by incorporating succinylsulfathiazole in the 
diet have a lowered capacity to oxidize tyrosine (2), and that tyrosine 
metabolites disappear from the urine of vitamin C-deficient guinea pigs 
when PGA is administered (3). More indirect is the evidence that un- 
treated pernicious anemia patients, who presumably are deficient in PGA 
(4), cannot properly oxidize tyrosine (5). 

It is the purpose of this paper to present in detail our experiments on 
the oxidation of tyrosine by liver tissue from rats with a PGA deficiency 
induced by succinylsulfathiazole (2). It will be shown that the rate of 
tyrosine oxidation for these livers is lower than for normal liver and that 
the rate can be increased by the addition of PGA, but not by pteroylhep- 
taglutamic acid, a naturally occurring conjugate of PGA, or by liver ex- 
tract containing the antipernicious anemia (APA) principle. 

These results will be compared and contrasted with those obtained in 
a new series of experiments in which the PGA inhibitor 4-aminopteroyl- 
glutamic acid is employed to produce a PGA deficiency state. 


EXPERIMENTAL 


Liver tissue was obtained from rats which had been maintained on the 
succinylsulfathiazole-containing diet of Daft and Sebrell (6) until leuco- 
penia developed. This leucopenic state was taken as evidence that the 
animal was deficient in PGA. Further proof of the existence of a PGA 
deficiency was afforded by actual determination by a microbiological as- 
say (7) of the PGA content of liver tissue from these animals. As is shown 
in Table I, the concentration of PGA in liver from rats receiving succinyl- 
sulfathiazole was much lower (less than 10 per cent) than that of liver from 
rats without this dietary supplement, when assayed either directly or after 
treatment under conditions simulating those in a Warburg experiment. 
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To determine the rate of tyrosine oxidation, livers from three to five 
animals were pooled and homogenized in a Waring blendor for 15 seconds, 
with M/15 phosphate buffer of pH 7.2 in an amount to give a concentra- 
tion of 0.25 gm., wet weight, per ml. The oxidation of 0.5 gm. of L-tyro- 
sine by 2 ml. of the suspensions was determined over a 2 hour period in the 
Warburg apparatus at 37°. In computing oxygen uptake, averages of 
three flasks were used. Nitrogen determinations on the different liver 
suspensions showed a relatively constant protein content per ml. To de- 
termine the fate of the tyrosine after incubation analysis for residual ty- 
rosine was carried out on the pooled contents of the flasks used with each 
substance. The values so obtained agreed well with those calculated from 
the oxygen consumption. The oxygen uptake due to the utilization of 
the tyrosine was observed for normal and PGA-deficient liver tissue, and 
for PGA-deficient liver tissue to which PGA or PGA conjugate was added. 


TasBe I 
Pteroylglutamic Acid Content of Rat Liver Tissue 





Rat group No. Diet supplement Preassay treatment of liver PGA —— o 
Y per gm 
1 None 1.5 
1 ™ | 2 hrs., 37°, pH 7.2 3.6 
2 Succinylsulfathiazole | 0.02 
2 “ | 2 hrs., 37°, pH 7.2 0.22 





A summary of the studies under these conditions (Table I1) shows that 
in all of the experiments the oxidation of tyrosine by liver suspensions from 
the succinylsulfathiazole-induced PGA-deficient animals was less than 
that from normal rat livers. The addition of 10 y of crystalline PGA per 
flask at least partially restored the oxidation. However, tyrosine oxida- 
tion was not affected by the conjugate, pteroylheptaglutamic acid, con- 
taining an equivalent amount of PGA. 

Data in Table II also show the effect of liver extract containing the 
APA principle on the rate of tyrosine oxidation by PGA-deficient liver tis- 
sue. To the PGA-deficient homogenate 0.1 ml. per flask of phenol-free, 
15 unit liver extract was added. No stimulation of tyrosine oxidation 
was noted, and in fact a decrease was observed with normal and PGA- 
deficient liver suspensions. Dilution of the liver extract to the point at 
which no inhibition occurred did not show any effect on tyrosine oxida- 
tion. 

Recent experiments have reported the effects of a powerful antagonist 
of PGA, 4-amino-PGA, in producing a PGA deficiency syndrome in vari- 
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ous animals including the rat (8, 9). It was of interest, therefore, to de- 
termine whether this inhibitor of PGA could affect the rate of tyrosine 
oxidation by liver tissue. Accordingly, 4-amino-PGA was added to nor- 
mal liver suspensions and the tyrosine oxidation values were obtained as 
in the previous experiments. No effect on tyrosine oxidation was observed 
(Table III) when the antagonist was added in amounts up to 160 times 
(200 y per ml.) the determined PGA content of liver (5 y per gm.). 


TaBLe II 
Tyrosine Oxidation by Liver Tissue from Rats with Succinylsulfathiazole-Induced 
PGA Deficiency 


The results are expressed in c.mm. of Os. 


PGA-deficient liver 




















Experiment No. Normal liver wane sill aaa | BGA conduenie'| Savaluaiel 
- . added | added 
1 66.5 17.5 23.0 18.1 
2 77.6 19.6 34.1 21.9 
3 18.6 19.3 26.8 17.2 
4 65.7 17.8 37.4 | 19.4 
5 67.0 32.3 47.3 34.8 
6 56.2 28.3 40.9 27.0 
7 48.5 19.3 26.8 | 13.3* 
8 56.2 28.8 | 37.2 | 4.3* 
9 64.7 7.1 | 42.6 
10 60.1 | 36.9 57.0 
11 | 34.0 | 7.4* 
12 Ce. a 4.6* 
13 63.0 | 47.4 | 48.3t 
Mean...... 61.3 26.8 | 37.4 | 23.0 





*0.1 ml. of liver extract per flask. 
+ 0.0001 ml. of liver extract per flask. 


It was found, however, that liver tissue from rats fed a diet containing 
4-amino-PGA until a PGA deficiency syndrome developed was unable to 
oxidize tyrosine at a rate comparable to that of liver tissue from control 
rats (Table IIT). In contrast to results obtained with liver tissue from 
tats with a succinylsulfathiazole-induced PGA deficiency, the addition of 
PGA to liver tissue from inhibitor-fed rats in amounts up to 1 mg. per ml. 
of liver had no effect in restoring tyrosine oxidation. The effect of liver 
extract was also studied, and again no stimulation of tyrosine oxidation 
was noted with amounts of liver extract ranging from 0.0001 to 0.1 ml. per 
flask. Three experiments were carried out in which 1.04 y of a vitamin 
By concentrate were added to flasks containing PGA-deficient liver 
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homogenate, but no stimulation of tyrosine oxidation was observed under 
these conditions. However, liver tissue from rats receiving the same 
amount of inhibitor with a supplement of either PGA or liver extract in 
sufficient quantities to maintain a normal blood picture (8) had a tyrosine 
oxidation rate equivalent to normal liver controls. Since ascorbic acid 
has an effect on tyrosine oxidation in scorbutic guinea pigs (10), ascorbic 
acid was added to liver homogenates from both succinylsulfathiazole- and 


TaBe III 
Tyrosine Oxidation by Liver Tissue from Rats with Inhibitor-Induced PGA Deficiency 
The results are expressed in c.mm. of O:. 





























Normal liver PGA-deficient liver 
| ik oh Sis: imeem. 
Experiment min | ® 
No. Con- + Con- . Bis | 5 
trol Inhibitor added trol PGA added | Liver extract added = | ¥ 
trate | 3 
added| & 
1 60.1 24.7) 27.6 (10 y)* 
2 42.4 28.0} 20.6 (10 ‘‘)* |48. 2t 
3 67.8 20:31 25:3: GO *)* | 26.7/79.9t 
4 63.0 48.5) 47.8 (30 ‘‘)* 7.1 (0.1 ml.)f{ 37 .7|72.8§ 
5 56.4 36.5} 32.0 (1 mg.)* 17.5 (0.01 ml.)t (52.4§ 
6 64.7) 61.8 (200 y)|| (36.1 34.2 (0.0001 ‘‘ )f 
7 —-|46.3) 45.9 (250 “*)|| | 
8  |61.2| 66.8 (500 ‘*)|| | 
— — eee a ae See «ee ‘ = : = = 
Mean. ./57.7| 58.1 33.8 30.6 19.6 32.2/63.5 





* Amount of PGA per flask. 

+ PGA administered. 

t Amount of liver extract per flask. 
§ Liver extract administered. 

|| Amount of 4-amino-PGA per flask. 


inhibitor-induced PGA-deficient animals. The addition of 0.25 mg. of 
ascorbic acid per flask had no effect on the tyrosine oxidation rate. 


DISCUSSION 


It has been shown that liver tissue homogenates from rats with a PGA 
deficiency syndrome induced by dietary supplements of either succiny!- 
sulfathiazole or a PGA inhibitor are unable to oxidize tyrosine at a normal 
rate. Further, the addition of PGA itself, under experimental conditions 
already described, increases the tyrosine oxidation rate of these liver ho- 
mogenates. This is taken as evidence that PGA is an essential component 
of the tyrosine oxidative process. 
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In most of the experiments with succinylsulfathiazole-induced PGA-de- 
ficient liver tissue the addition of PGA in vitro effected only a partial res- 
toration of the tyrosine oxidation rate, although a greater amount of 
PGA was added than is present in normal rat liver. It has been established 
that PGA is present in animal tissue predominantly as a conjugate (11), 
and the question therefore arises as to whether this conjugate is the meta- 
bolically active form of the vitamin. Since PGA conjugate (pteroylhep- 
taglutamic acid), in contrast to PGA itself, had no effect on increasing the 
tyrosine oxidation rate of PGA-deficient liver tissue, it must be concluded 
that for its réle in the tyrosine oxidative process, at least, PGA must func- 
tion not in the conjugated but in the free form. 

It has recently been shown (12) that a biotin antagonist could not dis- 
place the vitamin in vitro, but only affected the action of biotin added to 
biotin-deficient liver preparations. The finding that 4-amino-PGA will 
not affect the oxidation of tyrosine by rat liver tissue in vitro but that liver 
homogenates from 4-amino-PGA-fed rats are unable to oxidize tyrosine 
may be of similar significance in attempting to explain the mechanism of 
action of the antagonist. The results obtained with tyrosine oxidation 
of liver tissue from rats fed diets containing both 4-amino-PGA and PGA 
itself are proof that as far as tyrosine oxidation is concerned in vivo the 
action of 4-amino-PGA is completely reversed by PGA. 

Reversal in vivo of 4-amino-PGA action was also obtained when liver 
extract was substituted for PGA. Hence, apparently there is a substance 
in liver extract that acts either directly or indirectly on the tyrosine oxi- 
dation process. Additional evidence for this is to be found in the recent 
report of Sealock and Lepow (13), wherein they show that APA liver ex- 
tracts will return urinary tyrosyl values of scorbutic guinea pigs to normal 
levels. They were unable to demonstrate any effect on oxidation of ty- 
rosine in vitro by liver slices from scorbutic guinea pigs. The experiments 
reported here are similar in that no effect on tyrosine metabolism was 
shown by either liver extract or vitamin By: concentrate in vitro. Whether 
this substance in liver extract affecting tyrosine oxidation is actually the 
APA liver principle or vitamin By. remains to be determined. Some 
evidence is afforded by experiments showing that patients with pernicious 
anemia excrete large amounts of tyrosine metabolites, a condition that is 
corrected by treatment with liver extract (5). 

With scorbutic guinea pigs it has been found (13) that tyrosine oxida- 
tion is impaired, and that the addition of ascorbic acid will restore it to 
normal. Woodruff and Darby (3) reported that PGA would return uri- 
nary tyrosyl values to normal in scorbutic animals, and Johnson and 
Dana (14) showed that ascorbic acid produced improvement in vivo of a 
succinylsulfathiazole-induced PGA deficiency in rats. This improve- 
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ment was not complete, and PGA was necessary for marked reticulocyte 
response. However, it has been shown here that the addition of ascorbic 
acid to the PGA-deficient liver suspensions had no effect on tyrosine oxi- 
dation under the conditions of these experiments. 


SUMMARY 


Liver tissue from rats with a succinylsulfathiazole-induced PGA defi- 
ciency shows a decreased oxidation of tyrosine compared with normal 
liver tissue. The oxidation of tyrosine can be partially restored by the 
addition in vitro of PGA, but not by PGA conjugate or by liver extract. 

Liver tissue from rats with PGA deficiency induced by feeding 4-amino- 
PGA also shows a decreased tyrosine oxidation. This effect cannot be 
reversed by the addition in vitro of PGA, liver extract, or vitamin By 
concentrate but can be reversed by the administration in vivo of either 
PGA or liver extract. The addition of 4-amino-PGA in vitro to normal 
rat liver tissue does not affect the rate of tyrosine oxidation. 
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(From the Research Service, Third (New York University) Medical Division, Goldwater 
Memorial Hospital, the Departments of Biochemistry and Medicine, 
New York University College of Medicine, and the Laboratory of 
Industrial Hygiene, New York) 


(Received for publication, December 9, 1948) 


A means of measuring the total water of the body in vivo has been de- 
veloped (1). This method involves the use of antipyrine (1-phenyl-2,3- 
dimethylpyrazolone-5-one), the well known analgesic and antipyretic. 

Two methods for the determination of this compound in biological ma- 
terials are described in this report. The first, an extraction procedure, is 
suitable for its estimation in biological fluids and tissues. In this pro- 
cedure antipyrine is extracted from the biological material with chloro- 
form, the solvent evaporated, and the residue dissolved in dilute sulfuric 
acid. Sodium nitrite is added and the resulting 4-nitrosoantipyrine meas- 
ured in a spectrophotometer at 350 my. This procedure, as indicated by 
a distribution technique (2, 3), possesses a high degree of specificity. 

The second method, suitable for plasma, involves the estimation of the 
antipyrine directly in the plasma filtrate after deproteinization with zine 
hydroxide. The speed and simplicity of this method recommend it for 
routine use. This procedure also has a high degree of specificity. 


Extraction Procedure 


Reagents— 

1. Standard antipyrine solution, 100 mg. per liter. 100 mg. of anti- 
pyrine are dissolved in water and diluted to 1 liter. Working standards 
are made by diluting the stock solution with 0.07 N sulfuric acid. 

2. Chloroform. A reagent grade of chloroform is washed successively 
with 1 n NaOH, 1 nN HCl, and three times with water. 

3. 1 N NaOH. 

4. 0.07 N sulfuric acid. 

5. 0.2 per cent sodium nitrite solution. 

Procedure—Add 1 to 5 ml. of biological material! and 0.5 ml. of 1 N 


* The work described in this paper was supported by a grant from the Institute 
for the Study of Analgesic and Sedative Drugs. 

‘Organ tissues and feces are prepared for analysis by emulsification in acid as 
described in a previous paper (2). 
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NaOH to a 60 ml. glass-stoppered bottle containing 20 ml. of chloroform. anc 
Shake for 10 minutes on a shaking apparatus. Transfer the contents of nit! 
the bottle to a 30 ml. test-tube and centrifuge. Remove the aqueous Th 
layer by aspiration. Transfer 15 ml. of the solvent phase to a small of 
beaker. Evaporate the chloroform to dryness at room temperature Sta 
in a current of air. Dissolve the residue in 4 ml. of 0.07 N sulfuric acid. var 


Transfer 3 ml. of the acid solution to a Corex or quartz cuvette and 
determine the optical density of the solution at 350 muy in an ultraviolet 
spectrophotometer (Beckman). 0.07 N sulfuric acid is used for the 

zero setting. Add 2 drops of sodium nitrite solution to both the unknown a 
and the zero setting, and read the optical density again after 20 minutes.’ 

Subtract from this the optical density obtained before the addition of A 
the nitrite* Blank plasma, urine, or tissue run through the above proce- 

dure gives a negligible blank. 


Precipitation Procedure 


Reagents— 

1. Zinc reagent. 100 gm. of ZnSO,-7H.O and 40 ml. of 6 N sulfuric 
acid are dissolved in water and diluted to 1 liter. 

2. 0.75 N sodium hydroxide. 

3. 4.N sulfuric acid. 

4. 0.2 per cent sodium nitrite solution. 

Procedure—To 2 ml. of plasma in a 50 ml. Erlenmeyer flask add 2 ml. 
of water and 2 ml. of zinc reagent. Add 2 ml. of 0.75 n sodium hydroxide 
drop by drop, with continuous swirling of the flask, and then shake for an 
additional half minute. After 10 minutes centrifuge at about 3500 
R.P.M. for 15 minutes. Transfer 3 ml. of the clear supernatant fluid to a 
Corex or quartz cuvette, and add 1 drop of 4 N sulfuric acid. Read the ee 
optical density at 350 my. 3 ml. of water plus 1 drop of 4 N sulfuric acid 
are used for the zero setting. Add 2 drops of 0.2 per cent sodium nitrite 
solution to both the unknown and the zero setting and read the optical 





density again after 20 minutes.2 Subtract from this the optical density me 
obtained before the addition of the nitrite.* Normal plasma run through good 
the procedure results in a small blank varying from 0 to 2 y per ml. of iad 
plasma. pi 

Standard Curve—Standards are prepared by placing 3 ml. of a known stabl 


solution of antipyrine in 0.07 N sulfuric acid in a Corex or quartz cuvette 


2 The optical density reaches a maximum in about 20 minutes and fades slowly 
after about 35 minutes. It - 
The small optical density of the solution prior to the addition of the nitrite the i 
is not changed by the addition of nitrite and may therefore be corrected for by sub- 


tracting its reading from the final reading. rine y 
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and reading the optical density before and after the addition of sodium 
nitrite. 0.07 N sulfuric acid similarly treated is used as a zero setting. 
The optical densities are proportional to concentration. A concentration 
of 10 y per ml. of antipyrine gives an optical density of about 0.350. 
Standards are run with each set of determinations, since there is a daily 
variation of about 3 per cent in the optical density. 


TaBLE I 


Recovery of Antipyrine Added to Plasma 


Extraction procedure Precipitation procedure 
Antzane | Antipyrine | Recovery | Antiggine | Antiozring | ecowary 

Y Y per cent y per ml. plasma vy per ml. plasma per cent 
10 10.3 103 12.5 12.3 98 

11.0 110 12.0 96 

10.1 101 20 20.0 100 

10.3 103 19.8 99 
20 19.6 98 19.8 99 

19.8 99 | 20.0 100 

19.8 99 19.8 99 

19.8 99 20.0 100 

20.0 100 40 38.8 97 

20.0 100 39.6 99 
30 29.1 97 39.6 99 

27.9 93 40.8 102 
50 52.0 104 39.0 98 

51.0 102 

48.0 96 

48.0 96 

Results 


Antipyrine added to plasma was recovered with adequate accuracy by 
both the extraction and precipitation procedures (Table I). Equally 
good results were obtained for other tissues with the extraction procedure. 
Analysis of plasma and urine stored in the refrigerator over a period of 
several days gave reproducible results, indicating that the compound is 
stable in biological fluids. 


Specificity 


It is important to know the identity of the substance measured, since 
the inclusion in the measurement of transformation products of antipy- 
rine would invalidate the results. 


aap dale 
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The possible interference of metabolites of antipyrine was examined by 


; 
the distribution technique (2, 3). The distributions of authentic anti- " 
pyrine between ethylene dichloride and water at various pH values and fui 
between benzene and water at various pH values were compared with eal 
those of the apparent antipyrine extracted from plasma. This plasma aol’ 
was obtained from a human subject 5 hours after the oral administration ha 
of a 1 gm. dose. Within experimental error the distribution of the ap- 1 
parent antipyrine in plasma was the same as that of authentic antipyrine ant: 
(Table II). It was concluded, therefore, that the material measured in dros 
plasma and presumably other tissues was actually antipyrine. 1 
trar 
TABLE II 

Distribution of Antipyrine and Apparent Antipyrine between Ethylene Dichloride and 

Water and Benzene and Water at Various pH Values 1. S 


The apparent antipyrine was obtained by extraction with chloroform of the 
plasma of a subject who had received antipyrine. The chloroform solution was 2. B 
evaporated to dryness and the residue dissolved in water. Aliquots of this solution 3. B 
and of an authentic antipyrine solution were adjusted to various pH values and 
extracted with 2 volumes of benzene or ethylene dichloride. The fraction of the 
compounds extracted at various pH values is expressed as the ratio of the amount 
of compound in the organic phase to the total compound. 




















Solvent pH pon a x ae. 
Ethylene dichloride............... 7 0.94 | 0.97 
: “ «“ A, boil 1 (0.1 n HCl) 0.72 | 0.73 
It oe Te ae ae 7 0.81 | 0.79 
Wt ake Soe ce Naot 3 0.61 0.58 
Be aie sw a ab Ai inns | 1.1 HCl) 0.35 | 0.36 





ee 


The plasma of subjects to whom antipyrine had been administered was 
analyzed by both the extraction and precipitation procedures. Both pro- 
cedures yielded the same result, indicating that the precipitation procedure 
was as specific for plasma as was the extraction method. 

The following drugs were tested for their interference in the procedure 
for antipyrine: phenacetin, aspirin, caffeine, codeine, morphine, atropine, 
sulfanilamide, sulfadiazine, phenobarbital, penicillin G, pentobarbital, 
acetanilide, pyramidon, demerol. With the exception of sulfadiazine, 
these drugs do not absorb light at 350 my, either before or after the addi- 
tion of nitrous acid. Sulfadiazine interferes in the antipyrine procedure, 
since it not only absorbs light at 350 mu, but this absorption is increased 
by the addition of nitrous acid. 
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SUMMARY 


Two methods are described for the estimation of antipyrine in biological 
fluids and tissues. In the first, antipyrine is extracted from the biologi- 
cal material with chloroform, the solvent evaporated, and the residue dis- 
solved in dilute sulfuric acid. Sodium nitrite is added and the resulting 
4-nitrosoantipyrine measured spectrophotometrically. 

The second method, suitable for plasma, permits the estimation of the 
antipyrine directly in plasma filtrate after deproteinization with zine hy- 
droxide. 

The methods are specific for antipyrine in that they do not include any 
transformation products of the compound. 
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THE USE OF ANTIPYRINE IN THE MEASUREMENT OF TOTAL 
BODY WATER IN MAN* 


By ROBERT SOBERMAN, BERNARD B. BRODIE, BETTY B. LEVY, JULIUS 
AXELROD, VINCENT HOLLANDER, anp J. MURRAY STEELE 


(From the Research Service, Third (New York University) Medical Division, Gold- 
water Memorial Hospital, the Departments of Biochemistry, Medicine, and 
Experimental Surgery, New York University College of Medicine, and 
the Laboratory of Industrial Hygiene, New York) 


(Received for publication, December 9, 1948) 


Most methods for measuring the total water content of the body in vivo 
have been based on the degree of dilution of a foreign substance after its 
intravenous injection. These methods, recently reviewed by Pace (1), are 
in general unsatisfactory because the substances employed are not dis- 
tributed evenly throughout the water of the body. Exceptions to this 
criticism are deuterium and tritium oxides (1-3), which presumably are 
distributed throughout the body like ordinary water. However, the cost- 
liness of these compounds and the complicated apparatus and techniques 
involved in their measurement make their use inconvenient. The pro- 
portion of water in the body may also be calculated from the subject’s 
specific gravity (4), but this measurement is also laborious (5, 6) and there 
remains a need for a simple and accurate measure of body water. 

For measurements of body water a substance should possess the follow- 
ing characteristics: (1) even and rapid distribution throughout body 
water; (2) non-toxicity in required doses; (3) slow transformation in, and 
slow excretion from, the body; (4) accurate and convenient estimation of 
its concentration in the plasma. 

Prior studies in this laboratory on the distribution of antipyrine (1- 
phenyl-2 ,3-dimethylpyrazolone-5-one) in the dog indicated that it was 
distributed in tissues in proportion to their water content.! The possi- 
bility that antipyrine might be used in the measurement of total body 
water in vivo was therefore explored, and the results indicate that antipy- 
rine fulfills the above requirements to a reasonably satisfactory degree. 

Methods—Antipyrine in biological material was measured by a method 
previously reported (7). Deuterium oxide in plasma was measured by a 
modification of the method of Keston, Rittenberg, and Schoenheimer (8). 


*The work described in this paper was supported by grants from the Institute 
for the Study of Analgesic and Sedative Drugs and from the Division of Research 


Grants and Fellowships of the National Institutes of Health, United States Public 
Health Service. 


‘Brodie, B. B., and Axelrod, J., in preparation. 
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| 
| Results an 
| Distribution in Body Tissues an 
| The distribution of antipyrine was examined in representative tissues ob 
) of two dogs given antipyrine intravenously. The tissues of one dog were Wed 
: examined 14 hours and those of the other 2} hours after the injection. — 
i The animals were killed by an intravenous injection of air and the tissues ie 
sampled immediately. The tissue water was determined by drying to “aa 
constant weight at 95-100°. The tissue concentration of antipyrine was 
| TABLE I 
Distribution of Antipyrine in Water of Dog Tissues I 
Dog 1 received 1.5 gm. and Dog 2 received 3 gm. of antipyrine intravenously. th 
The tissues were examined 1} and 2} hours, respectively, following injection. a 
’ Ratio, 
| Antipyrine in tissue water | tissue water antipyrine 
Tissue plasma water antipyrine 
| Bee 1 Dog 2 Dog “a “| Dog 2 —— 
| mg. per l. ae per l. . Plas 
Plasma. .. 29.2 54.6 | me 
| Heart.... 31.1 56.8 1.07 1.04 Kid: 
: Muscle 1. 30.6 51.0 | 1.05 0.94 Live 
ve dlens (9 30.7 54.6 | 1.05 1.00 a 
Spleen.... 30.1 | 1.08 ‘ 
Kidney. a | 32.5 Gs.) ia 12 Sple 
Liver..... | 30.4 60.0 | 1.04 | .10 Lun; 
CT ee | 24.3 47.1 0.83 0.86 Skin 
RT EEE 28.9 | 0.99 Peri 
Cerebrospinal fluid. . 25.7 53.8 | 0.88 0.99 heads 
f ro ew pe ee i i ad = Ay 
Average. . | 10h. | «(10 ee 
| — ——--— — - ~- — | -- — * 
i Adipose tissue. Abdominal... | 26.3 | | 0.90 | a 
“ “Groin... | 26.9 0.92 
_ ae Perirenal. . | 28.9 0.99 two 
: «lr a must 
measured and calculated in terms of tissue water. The antipyrine con- were 
. centration in the water of various tissues was found to be nearly the TI 
| same as that in plasma water, with the exception that the concentra- comy 
tions were somewhat low in the lung and somewhat high in the kidney dose: 
; (Table I). It appears that the concentration of antipyrine in tissues mate 
is determined chiefly by their water content. Il), 
\ The distribution of antipyrine in man was then studied. The tissues o! Pa 
two patients who were receiving antipyrine orally for several days prior to from 


death were analyzed post mortem. Each had received the last dose 0! antir 
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antipyrine about 5 hours before death. The tissue samples were removed 
and homogenized within 4 hours post mortem. A sample of blood was not 
obtained from the first patient. It is apparent that there is a relatively 
equal distribution of antipyrine in the water of the tissues, with the ex- 
ception that the concentrations in the lung were somewhat low and in the 
liver somewhat high (Table II). Since the value for muscle in Subject 2 
was low, additional specimens were obtained at surgical operation from 


TABLE II 
Distribution of Antipyrine in Water of Human Tissues 


Both patients received antipyrine orally for several days prior to death and re- 
ceived their last dose about 5 hours before death. The tissues were removed for 
analysis within 4 hours post mortem. 


‘Aisin’ : Ratio, 
ntipyrine in tissue water antipyrine 
tissue water BES PRESET ESP eee 




















Tissue plasma water antipyrine 
| Subject 1 | Subject 2 | Subject 2 ‘Subject 3* Subject 4° 

a mg. perl. | mg. per l. | | | 
Plasma. . 78.7 | 
Heart... 88.0 | 78.0 | 0.99 
Kidney. . 87.0 | 78.5 | 1.00 | 
Liver.... 103.0 93.0 | 1.18 | | 
Muscle 1. 90.0 65.5 | 0.83 | 1.04 | 1.06 

- 2 | 96.0 | | 
Spleen. | 94.0 | 72.0 0.92 | | 
Lung. . | 88.0 | 70.5 | 0.90 | | 
ee | 95.0 | 74.0 | 0.94 
Pericardial fluid | 75.1 | 0.95 

Average .| 0.96 


* Specimens of muscle from Subjects 3 and 4 were obtained at surgical operation 
from two patients who had received antipyrine. 





two patients who had previously been given antipyrine. The ratios of 
muscle water antipyrine to plasma water antipyrine in these subjects 
were not low (1.04 and 1.06). 

The antipyrine concentration in water of plasma and red blood cells was 
compared 1} to 3 hours after the intravenous administration of 1.0 gm. 
doses of the drug to human subjects. The results indicate an approxi- 
mately equal distribution between the water of red cells and plasma (Table 
Il). 

Patients with peripheral edema, ascites, and pleural effusion were given 
from 1.0 to 1.5 gm. of antipyrine intravenously. The concentration of 
antipyrine in the water of plasma and the particular fluid was compared 
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7 to 12 hours subsequently (Table IV). The drug appears to diffuse freely 
into abnormal depots of fluid. 

The fact that most of the ratios of transudate to plasma were less than 
1.0 suggested either incomplete distribution or some binding on plasma 
proteins. The extent to which antipyrine is bound to non-diffusible con- 
stituents of plasma was determined by dialysis against isotonic phosphate 
of pH 7.4 at 37°. The results indicated binding of about 10 per cent. 


Tasie III 
Distribution of Antipyrine between Human Red Blood Cells and Plasma 


Twelve subjects were given 1 gm. of antipyrine intravenously, and the plasma 
and red cells compared 1} to 3 hours later. 








Antipyrine Ratio, 
Sample No.3 red cell water antipyrine 
Red cell water Plasma water plasma water antipyrine 
mg. per l. mg. per l. 
1 24.2 24.6 0.98 
2 22.9 20.4 1.12 
3 16.9 18.0 0.94 
4 27.1 26.7 1.02 
5 35.3 37.5 0.94 
6 35.7 36.5 0.98 
7 25.3 25.3 1.00 
8 36.8 36.6 1.01 
g 33.6 33.7 1.00 
10 54.6 52.6 1.04 
1] 23.0 23.2 0.99 
12 31.0 34.6 0.90 


Excretion and Transformation 


Urinary Excretion—The renal excretion of antipyrine was studied in 
eight human subjects after the intravenous administration of 1.0 gm. of 
the compound. Only 0.3 to 0.6 per cent of the amount injected was ex- 
creted in 4 hours following the injection. It is apparent that the excretion 
of the drug is negligible. 

Transformation in Body—1 gm. of antipyrine was administered intra- 
venously to 50 subjects, and plasma samples were taken at 2 hours and at 
various intervals subsequently. The results show that the rate of metab- 
olism of antipyrine was on the average 6 per cent per hour, and varied in 
different subjects from 1 to 12 percent. The rate was practically constant, 
however, over periods up to 12 hours in a given subject. It was therefore 
possible to correct for this chemical transformation by extrapolation of 
the logarithm of the plasma concentrations to zero time (Figs. 1 and 2). 
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The transformation of the compound in dogs was much more rapid than 
in humans, amounting to approximately 30 per cent per hour. For this 
reason the compound may be impractical for use in these animals. 


TABLE IV 
Distribution of Antipyrine between Plasma and Transudates 


Subjects with peripheral edema, ascites, and pleural effusion were given 1 to 1.5 
gm. of antipyrine intravenously and the plasma and transudate were obtained 7 to 
12 hours subsequently. 





Ratio, 
Subject No. Antipyrine transudate 
plasma 
mg. perl. water 

1. Edema fluid , RGR pt ae base 21.0 
Plasma. . Seen fae Sete 22.6 0.93 

2. Ascitic fluid sr See 26.4 
Plasma.... ee eh thle tte, es 28 .6 0.92 

3. Ascitic fluid srcah tate dete Se Oe : ae 26.9 
Plasma........ x E oc tate. aed 24.3 1.11 

4, Ascitic fluid... ei OT ee L z 24.7 
Plasma..... At is aa aa rs a a sont 26.0 0.95 

5. Ascitie fluid i asowt 48.0 
Plasma.... aa aes, 52.2 0.92 

6. Pleural fluid. . ae 19.2 
FIssMa..... Sah a 17.8 1.08 

7. Ascitie fluid 7 22.7 
Plasma 25.6 0.89 

8. Ascitie fluid ats 25.0 
Plasma 26.9 0.93 





Time for Even Distribution of Antipyrine in Body 


The logarithm of the plasma concentration was plotted against time for 
each of the above subjects (Fig. 1 shows typical results) and in all cases 
yielded a linear relationship, which indicates that the substance disappears 
at a rate proportional to its plasma concentration. In many cases 1 hour 
levels were also measured. These levels were sometimes a little above the 
straight line drawn through subsequent levels. The inference may be 
drawn that mixing for antipyrine in normals may not be quite complete 
in 1 hour, but is complete in 2 hours. 

Antipyrine was administered to eight subjects with peripheral edema, 
ascites, or pleural effusion, and plasma samples taken at various intervals. 
Typical curves (Fig. 2 shows typical results) constructed as described for 
normal subjects indicate that the distribution of antipyrine in the body 
water of these subjects was complete but that a period of about 5 hours 
was required for uniform mixing. 
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HOURS AFTER INJECTION of it 
Fig. 1. Plasma levels of antipyrine in normal subjects at various intervals after the 
intravenous injection. To correct for the metabolism of the drug during the time leve 


required for uniform distribution, the curve for the plasma level is extrapolated to the 
zero time. 
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Fig. 2. Plasma levels of antipyrine in subjects with pathological fluid depots, at | aver 
various intervals after intravenous injection. Subject A, congestive heart failure; by t 
Subjects B and C, nephritis; Subject D, cirrhosis. To correct for the metabolism anti 


of the drug during the time required for uniform distribution, the curve for the was 
plasma level is extrapolated to zero time. 
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Toxicity 


No untoward effects were observed in 200 patients given 1 gm. of anti- 
pyrine intravenously. Specifically, there was no methemoglobinemia or 
depression of the white blood cell count. 


Measurement of Body Water with Antipyrine 


The following technique is employed to measure body water. A con- 
trol sample of blood is drawn, since there is a small blank value which 
must be used for correcting subsequent samples. 1 gm. of antipyrine in 
50 ml. of water is injected intravenously from a burette or calibrated 
syringe. Blood samples are withdrawn at 2, 3, and 5 hours subsequently. 
All blood samples are heparinized. Plasma and cells are separated after 
centrifugation and the plasma stored in stoppered tubes for subsequent 
analysis of antipyrine. 

The plasma concentration at zero time (the concentration at the time 
of injection if uniform distribution had been instantaneous and if none of 
the substance had been metabolized) is calculated by plotting the plasma 
levels on semilogarithmic paper and extrapolating the straight portion of 
the time-concentration curve (2nd, 3rd, and 5th hours) back to the time 
of injection. 

The plasma water level of antipyrine is calculated by dividing the 
plasma level of antipyrine by the water content of the plasma. 

The calculation for body water is made as follows: 


amount of drug injected (mg.) _ 


Body water (liters) = ; 
d ( ) plasma water level (mg. per liter) 





Comparison of Body Water Measurements Made with Deuterium Oxide and 
Antipyrine 


To test the validity of antipyrine as a measure of body water, its volume 
of distribution was compared with that of deuterium oxide. This com- 
parison was made in both normal subjects and subjects with abnormal 
depots of water. 

Normal Subjects—1.0 gm. of antipyrine dissolved in 50 gm. of deute- 
rium oxide was administered intravenously to eight normal subjects. 
Deuterium oxide and antipyrine in plasma were estimated at 2, 3, and 5 
hours. The volume of distribution of deuterium oxide was taken as the 
average of 2, 3, and 5 hour values. The values for body water obtained 
by the two methods did not differ significantly, but those obtained with 
antipyrine were lower in most cases (Table V). The average difference 
was 1.2 liters and the maximum difference 3.1 liters. Body water as 
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measured by antipyrine ranged from 39.3 to 57.9 per cent of the body 
weight, with an average of 51.9 per cent. 

Abnormal Subjects—Seven patients, three with cirrhosis and ascites, 
two with nephritis and edema, and two in decompensated congestive fail- 
ure with ascites and edema, were used as subjects. The antipyrine and 
heavy water in plasma were measured at 5, 7, and 9 hours following the 
administration of the two substances injected simultaneously. The 
measurements were made at longer intervals after injection than in the 
case of normal subjects, since the distribution of the compound takes longer 
when abnormal depots of fluid are present. The differences between the 


TABLE V 


Comparison of Total Body Water in Nuermal Subjects Measured by Antipyrine and 
Deuterium Oxide 


1 gm. of antipyrine and 50 gm. of deuterium oxide were administered intrave- 
nously to each subject. Deuterium oxide and antipyrine were estimated in plasma 
2, 3, and 5 hours subsequently and their volume of distribution calculated. 


| | | Total water 
Subject No. Sex | Weight | 
Antipyrine | Deuterium oxide Deviation 
| 
ke. | liters | sy Seieht liters wo usiets liters 
PF. 45.0 | 22.2 49.5 22.6 50.3 | —0.4 
2 2 73.4 | 28.8 39.3 30.8 42.0 —2.0 
3 M. 66.5 | 34.2 51.5 35.8 53.9 -1.6 
4 vi 69.5 35.0 50.4 33.4 48.1 +1.6 
5 i? 70.0 39.9 57.0 39.8 56.9 +-().] 
6 a 52.2 28.7 55.0 28.8 55.2 0.1 
7 si 65.5 30.0 55.0 33.6 60.6 3.1 
8 49.1 28.4 57.9 29.2 59.5 | —0.8 


body water by the two methods were greater than in the case of the nor- 
mals, averaging 2.7 liters, with a maximum difference of 5.1 liters (Table 
VI). In all cases the value obtained with antipyrine was somewhat 
lower. The body water as measured by antipyrine ranged from 51.7 to 
70 per cent of body weight, with an average of 59.5 per cent. 

The agreement between the results obtained with deuterium oxide and 
antipyrine is evidence that both are distributed in approximately the 
same volume of body water. Calculations for body water have been made 
without any attempt to correct for non-diffusible antipyrine. It may be 
that failure to do this introduces some error in the estimation of body 
water. This is suggested by the fact that the antipyrine space was usu- 
ally somewhat smaller than the deuterium oxide space. However, this 
discrepancy may also be explained on the basis of exchange of some of the 
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heavy hydrogen with readily exchangeable hydrogen in the body. It has 
been suggested that this exchange may account for several per cent of the 
total heavy hydrogen (3). 


TaBLe VI 
Comparison of Total Body Water in Subjects with Abnormal Water Depots Measured 
by Antipyrine and Deuterium Oxide 


1 gm. of antipyrine and 50 gm. of deuterium oxide were injected intravenously 
in each subject. Plasma deuterium oxide and antipyrine were estimated in 5, 7, 
and 9 hours and the volume of distribution calculated. 





Total water 
Subject 


No. Sex Diagnosis Weight : 
M Antipyrine Deuterium oxide “ae 
kg. liters addy weight liters Pe fs liters 
9 M. Nephritis 49 31.0 63 .4 32.0 65.4 —1.0 
10 F. Congestive 51.3 29.4 57.4 31.8 62.0  —2.4 

heart failure 

11 si Cirrhosis 55.6 30.3 54.5 31.2 56.1 —0.9 
12 . Nephritis 57.8 31.5 54.5 32.4 56.1 —0.9 
13 M. Cirrhosis 71.4 50.0 | 70.0 55.0 ry —5.0 
14 “ 74.1 | 38.3 | 51.7 | 41.8 | 56.4 | —3.5 
15 “ Congestive 82.2 53.5 65.0 58.6 71.3 | —5.1 


heart failure 
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Fic. 3. Relationship of body water to body fat in human subjects 
Relation of Total Body Water to Body Fat 


Calculations of the body fat of subjects from the measurement of their 
specific gravity? have been carried out at the same time that total body 


? Messinger, W., and Steele, J. M., in preparation. 
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water was measured by means of antipyrine. The results indicate that 
body water and body fat content bear an inverse relationship (Fig. 3). 

Body water can also be calculated from the specific gravity (4). This 
calculation is based on the assumption that the total body water is 73 per 
cent of the fat-free body mass. Such calculations yield data for body 
water which agree fairly well with the antipyrine method (Table VII), a 
fact which constitutes a further and independent check on the validity of 
the antipyrine measurements. 


TABLE VII 


Comparison of Total Body Water in Normal Human Subjects Measured by Antipyrine 
and by Specific Gravity Methods 














Subject No. | Per = jo ga from | Per yrtih aA bn from 
16 43.4 | 44.4 
17 51.8 | 49.3 
18 50.7 | 53.0 
19 53.2 53.4 
20 50.0 | 54.0 
21 60.5 | 58.2 
22 58.8 | 58.6 
23 | 58.5 59.6 
24 58.0 | 58.6 





DISCUSSION 


The few early figures for total water content of the body were provided 
by desiccation of post mortem tissues. The total body water was found 
to be 60 to 65 per cent of the body weight (9, 10). The generally accepted 
figure in modern text-books and monographs is roughly 65 to 70 per cent 
of body weight (11, 12). 

The values obtained in the present study are lower than most current 
estimates and show considerable variability. In the nine normal individ- 
uals in whom both fat and water content of the body were measured, there 
was a clear inverse relationship between the amounts of fat and water, 
suggesting that the wide variability of body water is largely a function of 
the variability in body fat. The view that the diversity in body composi- 
tion is largely a reflection of its fat content and that the composition of 
the residual lean body mass is fairly constant has been well documented 
for the body as a whole (4) and for individual tissues (13). 

The figures for specific gravity, which Welham and Behnke give for a 
group of healthy men (14), indicate that a lean man contains 10 per cent 
fat, an average man about 20 per cent fat, and an obese one about 35 per 
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cent fat. Body water in these individuals, calculated on the assumption 
that fat-free tissue is 73 per cent water, would be 66, 58, and 47 per cent 
water, respectively. The present figures of 50 to 60 per cent for normal 
males obtained by the use of deuterium oxide and antipyrine appear 
reasonable in the light of these estimates. 

Antipyrine is not an ideal substance to use in the measurement of body 
water. It is bound by plasma protein to the extent of about 10 per cent 
and the magnitude of the error involved when no correction is made for 
protein binding is unknown. However, the good agreement between 
antipyrine and heavy water spaces indicates that the error is not large, 
and suggests that there is compensatory binding in the tissues. This is 
also indicated by the even distribution of antipyrine between plasma 
water and tissue water in dog and man. 

A lesser disadvantage of antipyrine is its metabolism, which, although 
slow, requires the use of extrapolation through plasma levels at three con- 
centrations to zero time. Search is proceeding for a compound that is 
not bound by plasma proteins and that is not metabolized in the body. 


SUMMARY 


The use of antipyrine in the measurement of body water in humans has 
been explored. This substance is uniformly distributed in the various 
tissues in close proportion to the water content, its excretion is negligible, 
and it is metabolized only slowly. 

The volumes of distribution of deuterium oxide and antipyrine were 
compared in normal subjects and in subjects with abnormal depots of 
fluid. The values agree well. The volume of distribution of antipyrine 
also agrees well with the total body water as calculated from the specific 
gravity. 

Ease of analysis and non-toxicity make antipyrine a satisfactory sub- 
stance for use in the measurement of total body water, with minor quali- 
fications in respect to plasma protein binding and slow metabolism. 
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METABOLISM OF SYNTHETIC ESTROGENS. URINARY 
SULFUR PARTITIONING AFTER ESTROGEN 
ADMINISTRATION* 


By W. R. STARNES anp R. 8S. TEAGUE 
(From the Department of Pharmacology, the Medical College of Alabama, Birmingham) 


(Received for publication, December 9, 1948) 


In 1945 one of us reported in abstract (1) that little, if any, conjugation 
of diethylstilbestrol with sulfuric acid occurs in the rat and probably 
none at all in the rabbit. Since that time further interest in this subject 
has been evidenced by publications of experiments of the same type from 
other laboratories (see below). It seemed worth while, therefore, to ex- 
tend our observations and publish them in some detail. 


EXPERIMENTAL 


Urinary sulfur partitioning was performed by Fiske’s modification of 
Rosenheim’s method (2). Sulfur excretion was determined for several 24 
or 48 hour periods before and after the administration of a large dose of 
estrogen. Seven experiments were performed with rats, three with rabbits, 
three with cats, and two with dogs. In each case diethylstilbestrol was 
used, except for two rat experiments with “dienestrol” (4,4’-(diethyl- 
ideneethylene)-diphenol), one rabbit experiment with ‘‘monomestrol” (the 
monomethyl ether of diethylstilbestrol), and one rabbit experiment with 
phenol. Injections were given intramuscularly in corn, sesame, or peanut 
oil. Sometimes the estrogen was given in acacia suspension by stomach 
tube. The animals were kept in metabolism cages, and rats, rabbits, 
and dogs were fed Purina chow. Cat 1 received meat and milk, and Cat 
2 received milk alone. In some cases food intake was measured. 

The results are summarized in Table I. It will be observed that the 
excess ethereal sulfate excretion after estrogen administration is quite 
variable. A definite increase occurred in two of the rat experiments 


* This investigation was supported in part by a research grant from the Division 
of Metabolism and Endocrinology of the United States Public Health Service (Re- 
search Grant 440). Additional aid has been received from the Committee on Thera- 
peutic Research of the Council on Pharmacy and Chemistry of the American Medical 
Association and the Research Committee of the University of Alabama. The earlier 
part of the work reported herein was done in the Department of Pharmacology, 
Tulane University School of Medicine, with the aid of a grant from the David 
Trautman Schwartz Research Fund. Diethylstilbestrol and dienestrol were sup- 
plied by the White Laboratories, Inc., while Wallace and Tiernan Products, Inc., 
contributed the monomestrol. 
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(Rats 1 and 2, 3 and 4) with diethylstilbestrol, while in three the excess 
excretion was insignificant. No rise occurred after dienestrol in two rats. 
In the experiments on rats, the only definite changes were in a mixed strain 
of rats; those of a pure Long-Evans strain failed to show an increase. 


Taste I 
Ethereal Sulfate Excretion during 4 Day Period Following Intramuscular 
Estrogen Administration 
The excess of the preliminary average ethereal sulfate with the corresponding 
amount of estrogen this excess would represent if a monosulfate were formed. 


























| Ethereal sulfate 
excretion 
Eepeinent a ll corn ee tee 
Preliminary alter 
er estrogen 
mg. S mg. S mg. mg. mf = 
Rats 1, 2* Stilbestrol 2.4 16.5 750 138 18.4 
. “ Tt 2.4 cat 2000 61.0 3.1 
Rats 3, 4* is Tt 4.3 31.5 1000 263 26.3 
Rat 6* - i aa 2.2 450 18.4 4.1 
"as vi 0.54 0 500 0 0 
vant Dienestrol 1.4 0.9 500 7.5 1.5 
ee a 0.76 1.4 500 11.6 2.3 
Rabbit 3 Stilbestrolt 15.9 0 1500 0 0 
aa Monomestrolt 14.7 0 1770 0 0 
Te. 8 Stilbestrol 28.9 0 1000 0 0 
oe Phenol (control) 28.9 59.9 700 176 25.1 
Cat 1 Stilbestrolt 32.6 0 2400 0 0 
aan | i 32.6 Ot 1900 0 0 
eg “ 11:3 12.8f 1000 107 10.7 
Dog 1 #8 74.6 0 1000 0 0 
“ 3 . 13.0 | 27.2 1000 227 22.7 














* Mixed strain of rats; others are Long-Evans. 
¢ Oral administration. 
t Died within 2 days. 


In rabbits no increase whatsoever in ethereal sulfate occurred after diethyl- 
stilbestrol in two experiments or after monomestrol in another. A small 
increase occurred after diethylstilbestrol in one cat, but as the cat died on 
the 2nd day, this may not be significant. A large increase was found in 
Dog 2 but none in Dog 1. A definite rise in ethereal sulfate, as was ex- 
pected, occurred in Rabbit 6 which received phenol. 

Since the ethereal sulfate excretion following estrogen administration 
was so variable, it is difficult to decide whether the rise that was occasionally 
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seen is of any real significance; 2.e., does it indicate the excretion of a con- 
jugate of the estrogen with sulfuric acid? In four cases out of twelve there 
was a definite excess ethereal sulfate excretion after diethylstilbestrol ad- 
ministration of over 10 per cent of the dose. This occurred in the mixed 
strain of rats, in one cat, and in one dog, but not in the Long-Evans rats 
or in the rabbits. Assuming complete and rapid absorption and the forma- 
tion of a monosulfate of the estrogens, the amount of estrogen thus account- 
ing for the excess sulfur and the percentage of the dose this represents can 
be calculated. These values are obviously rough approximations and 
represent the maximum amount of estrogen that might be excreted as a 
sulfate. It seems likely that conjugation of the estrogens with sulfuric 
acid probably does occur in these species except for the rabbit, but not to a 
great extent. 

Neutral sulfur was usually depressed after estrogen administration. 
This would seem to eliminate the possibility of the formation of a mercap- 
turic acid derivative of estrogen as a mode of detoxication. 

Inorganic sulfate frequently fell markedly and was probably due to 
decreased food intake. Measurement of food intake in four cases showed 
changes parallel to those of inorganic sulfate. 


DISCUSSION 


Stroud (3) has isolated 14 per cent of an injected dose of diethylstil- 
bestrol from rabbit urine as the free estrogen and 11 per cent after hy- 
drolysis of a combined fraction. Mazur and Shorr (4) have isolated a 
monoglucuronide of diethylstilbestrol from rabbit urine following injection 
of the estrogen. They recovered 30 per cent of the administered dose in 
thisform. Dodgson et al. (5) accounted for 71 per cent of diethylstilbestrol 
from rabbit urine as the glucuronide. They found no extra ethereal or 
neutral sulfur in rabbit urine after administration of this estrogen, 
dienestrol, or ‘‘hexestrol.”” They, as well as Simpson and Smith (6), have 
isolated glucuronides of the three estrogens from rabbit urine. In this 
paper (5) is presented a discussion of ethereal sulfate conjugation and it is 
remarked that the apparent absence of this conjugation in the case of 
synthetic estrogens is surprising. Smith and Williams (7) followed the 
excretion of free estrogens and their glucuronides by biological and gravi- 
metric methods in rabbits after administration of the three above com- 
pounds. These workers found as much as 46 per cent of diethylstilbestrol 
was eliminated as a glucuronide. They were unable to isolate a sulfate, 
but stated they had indirect evidence of such conjugation of synthetic 
estrogen in man. 


Since Zimmerberg (8) has shown that the amount of diethylstilbestrol 
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conjugated by rat liver slices is decreased if MgCl is substituted for 
MgSO, in the medium, it is presumed that this species has the ability to 
form a sulfate of the estrogen. Our data concur then with those of Dodgson 
et al. in that no evidence of sulfate conjugation was found in rabbits. We 
also agree with Zimmerberg in that the rat may conjugate diethylstilbestrol 
with sulfuric acid. In view of the high yields of glucuronide mentioned 
above and the low and variable ethereal sulfate excretions presented in 
this communication after estrogen administration, it would seem that 
sulfate conjugation does occur in some species, but it is probably not an 
important mode of detoxication of synthetic estrogens. From a con- 
sideration of the size of the estrogen dose in our experiments and the fact 
that deaths occurred so frequently, it would seem to be unprofitable to 
extend these studies further. 

Our investigations are being continued in the direction of quantitative 
determinations of free estrogen, and combined estrogen, and glucuronic 
acid after administration of the synthetics. 


SUMMARY 


1. Urinary excretion of inorganic, ethereal, and neutral sulfur has been 
determined before and after administration of synthetic estrogens to rats, 
rabbits, cats, and dogs. 

2. A rise in the ethereal sulfate fraction was sometimes found after 
diethylstilbestrol in rats, cats, and dogs, but not in rabbits. No increase 
was obtained with dienestrol in rats or with monomestrol in one rabbit. 

3. The neutral sulfur fraction was usually decreased following estrogen 
administration. Inorganic sulfur usually fell markedly. 

4. These results were interpreted to indicate that conjugation of diethyl- 
stilbestrol with sulfuric acid may take place in rats, cats, and dogs. The 
conjugation is variable in degree and at best involves only a small per- 
centage of the dose. It fails to occur in rabbits. It also probably fails 
to occur with dienestrol in rats and with monomestrol in rabbits. Prob- 
ably no mercapturic acid derivatives of any of the three estrogens are 
formed in the species studied. Changes in inorganic sulfate excretion are 
due to variation in food intake. 


It is a pleasure to acknowledge the advice and encouragement of Dr. 
Ralph G. Smith of Tulane University. 
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OLEIC ACID INTERFERENCE IN THE NEUROSPORA CRASSA 
ASSAY FOR BIOTIN 


By A. Z. HODSON 


(From the Research Laboratories, the Pet Milk Company, Greenville, Illinois) 


(Received for publication, December 13, 1948) 


A few years ago the author suggested that the cholineless mutant of 
Neurospora crassa might be used for the assay of biotin in milk products 
(1). At that time it was known that the microbiological response of 
Neurospora crassa, yeast, and the lactobacilli were not necessarily spe- 
cific for biotin (1). Although the chemical structure of certain syn- 
thetic compounds such as desthiobiotin was known, the identity of certain 
naturally occurring interfering materials had not been identified. More 
recently it has been clearly demonstrated that, for a number of lacto- 
bacilli, biotin can be largely or completely replaced by a combination 
of oleic and aspartic acids (2-5). These findings bring up the question 
as to whether the biotin requirements of Neurospora crassa can also be 
met by a combination of oleic and aspartic acids. This report is an at- 
tempt to answer that question. 

The investigations were made by the methods previously outlined (1). 
The work reported here does not include studies involving changes in 
the pH of the media or changes in incubation temperature. That such 
changes may affect the nutritive requirements of fungi has been discussed 
by Tatum (6). Since these conditions are controlled in the assay and 
are not, therefore, a source of error, they were not considered as variables 
in the present investigation. 

Experiments designed to study the effect of oleic acid, aspartic acid, 
and Tween 80 (a polyoxyethylene derivative of sorbitan monooleate) 
have been carried out and are briefly summarized in Table I. Aspartic 
acid alone gives little stimulatory effect either in the presence or absence 
of biotin. Tween 80, which contains oleic acid in an esterified and 
readily dispersible form, shows minor growth activity in the absence 
of biotin and a slight stimulatory effect in the presence of biotin. Com- 
binations of Tween 80 and aspartic acid are more active than is Tween 80 
alone. In the presence of biotin, combinations of aspartic acid and 
Tween 80 show little or no greater activity than is shown by the latter 
compound. 

Higher levels of Tween 80 and Tween 80 and aspartic acid than those 
reported in Table I were not tested. The more extensive data from 
which Table I was summarized suggested that at the higher level 
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a plateau in the growth curve had been reached and that higher levels 
would not give appreciably greater growth. 


TABLE | 
Interference in Biotin Assays by Oleic and Aspartic Acids 


eee Biotin . Dry 
Tal | Compounds added nck Rr ng ‘ 
mugm. me mg 
1 ‘None 0 233 
Biotin 1.0 Zt 
+ y AE 2.8 
Tween 80 (0) 0.8 5.2 
a 0 10.0 8.6 
Aspartie acid 0 0.8 2.9 
ce “ 0 10.0 2.3 
Tween 80 + aspartic acid 0 0.8 + 0.8 5.8 
le SO + ex she 0 10.0 + 10.0) 15.4 
Biotin + Tween 80 + aspartic acid 1.0 0.4 + 0.4! 27.2 
co+ «$0 + - si 2.5 | 10.0 + 10.0) 42.8 
2 \None 0 0.5 
Biotin 1.0 29.5 
ci 2.5 46.1 
** in 10% acetone 120 22.1 
re = y Be 14.7 
- ** 10% alcohol 1.0 35.9 
“) Pe 2.0 50.2 
E + Tween 80 1.0 4.0 31.0 
+ <n 2.5 | 10.0 21 
le Ae ‘* 80 + aspartic acid 1.0 4.0 + 4.0} 31.5 
;* + “« gO + a a 2.5 | 10.0 + 10.0 48.6 
3 |None 0 2.7 
Biotin 1.0 29.0 
font 2.5 17.1 
‘Oleic acid in 10% acetone 0.4 32d 
sy i Ne "s i130 5.6 
<i» aa. | 4 a + aspartic acid 0.4+ 0.4 3.5 
Cs | |\/ } ‘“ «“ 1.0+ 1.0} 2.9 
Biotin + oleie acid in 10% acetone 1.0 0.4 | 27.0 
es ot “ i 10% 3 + aspartic 1.0 0.4 + 0.4] 23.4 

acid | 


Oleic acid was first tested by dissolving in alcohol and dispersing the 
mixture in water. This mixture showed considerable stimulatory effect 
in the presence of biotin, but this stimulation was later discovered to be 
due to the ethyl alcohol rather than oleic acid. The stimulatory effect 
of alcohol has not yet been explained. The possibility that the effect 
is due to an impurity in the alcohol has not been entirely eliminated. 
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Acetone does not have the stimulatory effect given by alcohol and 
was, therefore, used in our later studies with oleic acid. The oleic acid 
is dissolved in acetone and diluted with this solvent so that 1 ml. of 
solution contains 20 mg. of oleic acid. 10 ml. of solution are then di- 
luted with water to 100 ml. to give a suspension of oleic acid in 10 per 
cent acetone. This suspension was used directly or diluted further as 
required by the experiment being made. Free oleic acid shows only a 
minor activity. In the presence of biotin it may be slightly inhibitory. 

Although the stimulatory effect of oleic acid and aspartic acid does 
not produce a large growth response of the cholineless Neurospora crassa, 
nevertheless an appreciable, if not serious, error, which is largely de- 
pendent upon the ratio of biotin to free and combined oleic acid, may be 


TaB.e II 
Effect of Petroleum Ether Extraction on Biotin Content of Dry Whole Milk Powder 





| 








Biotin per gm. 











Sample No. — : ™ 
Original sample | Petroleum ether-extracted sample 

mugm. | mugm. 

1 261 255 

2 268 251 

3 266 253 

4 232 | 218 

5 230 276 

MVOPATG. 665 6. oa 251 251 





produced by combinations of these compounds in the microbiological 
assay for biotin with this organism. For precise work it may be neces- 
sary to extract the oleic acid from the sample with a fat solvent. This 
procedure has already been recommended for biotin assays with lacto- 
bacilli. Samples high in biotin or low in fat can probably be assayed 
without preliminary fat extraction by use of the cholineless Neurospora 
crassa, but it may be necessary to test each type of sample. Tests of 
this character have been carried out for whole milk powder and are sum- 
marized in Table II. These results demonstrate that a preliminary 
extraction of the samples with petroleum ether did not markedly affect 
the biotin assay results as determined with cholineless Neurospora crassa. 
Better agreement between the samples might be expected, but the varia- 
bility falls within the range of +20 per cent previously stated to occur 
with this organism (1). Although milk is rich in fat, it is also such a 
good source of biotin that only the equivalent of 4 mg. of milk solids is 
present in the assay flask at the highest level tested. Only 1 mg. of the 
4 is fat, and only a fraction of milk fat consists of oleic and other un- 
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saturateds fatty acid. Moreover, only a small fraction of the fat could 
be carried into the extract added to the flask when the samples are pre- 
pared according to the method outlined (1). For this reason one would 
scarcely expect that oleic acid would seriously interfere in the assay of 
milk for biotin with Neurospora. 


SUMMARY 


Under the conditions tested, oleic and aspartic acids will not completely 
replace biotin for the growth of the cholineless Neurospora crassa. For 
this organism, oleic acid and Tween 80 alone or in combination with 
aspartic acid give some growth response in the absence of biotin and a 
slight stimulatory response in the presence of biotin. Milk and probably 
other foods that are high in biotin may be assayed without preliminary 
fat extraction. Samples that are low in fat can also probably be as- 
sayed without fat extraction. 


The author thanks the officials of the Pet Milk Company for releasing 
this report for publication. He especially thanks Dr. E. A. Louder, 
Technical Director, for his part in releasing the report, as well as for his 
supervision of the research program. The author acknowledges the 
laboratory assistance of Roberta Biggins. 
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A PHOTOMETRIC METHOD FOR THE DETERMINATION OF 
a-AMYLASE IN BLOOD AND URINE, WITH USE OF 
THE STARCH-IODINE COLOR 


By BENJAMIN W. SMITH anv JOSEPH H. ROE 


(From the Department of Biochemistry, School of Medicine, George Washington 
University, Washington) 


(Received for publication, December 20, 1948) 


The use of the starch-iodine color for the estimation of a-amylase 
appears to be on a sound theoretical basis. Swanson (1) has shown that 
in the degradation of amylose by a-amylase there is a random attack by 
the enzyme upon the polysaccharide chain yielding hexose units of vary- 
ing lengths. Swanson (2) has further observed that chains 4 to 6 glucose 
units in length give no color with iodine, chains containing 8 to 12 units 
give a red color, and chains of 30 glucose units, or longer, yield a blue 
color. 

We have developed a starch-iodine method for the determination of 
a-amylase in serum and urine in which the blue color formed by the re- 
action of starch with iodine is measured photometrically before and 
after incubation of soluble starch with material containing the enzyme. 
The decrease in blue color obtained after the incubation is a measure of 
the amylase concentration. When appropriate conditions are set up, 
starch-iodine color values are obtained that are proportional to the 
amount of enzyme present and to the time of incubation, with use of a 
fairly wide range of concentration of substrate. 

The use of the photoelectric colorimeter removes the limitations in- 
herent in starch-iodine methods in which an end-point is visually se- 
lected. In addition to being sound theoretically, the proposed method 
has certain practical advantages: It requires less work and time than 
the saccharogenic methods, the procedure is simple and is applicable to 
the estimation of amylase in blood and urine without change in the basic 
technique, and it permits the achievement of a high degree of accuracy 
and precision. 


Method 


Reagents— 

1. Substrate. A 1.2 per cent solution of soluble starch is made up at 
the time of use. Weigh accurately 1.2 gm. of Merck’s soluble starch 
(Lintner). Suspend this in about 10 cc. of distilled water in a 100 ce. 
volumetric flask. Make up to slightly under volume with boiling dis- 
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tilled water. Place the flask in a boiling water bath for 3 minutes and 
make up to volume. Allow the starch and bath to cool to 90° and hold 
at that temperature during pipetting. 

2. Phosphate buffer, pH 7.2 (Myers, Free, and Rosinski (3)).  Dis- 
solve 7.62 gm. of anhydrous potassium dihydrogen phosphate and 20.45 
gm. of disodium hydrogen phosphate in distilled water in a liter flask 
and make up to volume. 

3. 0.5 m sodium chloride. 

4. N hydrochloric acid. 

5. Iodine reagent. Dissolve 30 gm. of potassium iodide and 3 gm. 
of iodine in distilled water in a liter flask and make up to volume. 


Procedure 


Pipette 5 cc. of 1.2 per cent starch solution (60 mg.) at approximately 
90°, 3 cc. of phosphate buffer, and 1 cc. of 0.5 m sodium chloride into 
each of two test-tubes, one labeled A for the digest, and one labeled B 
for the control with undigested starch. Into a third tube (C), the blank, 
pipette 5 cc. of distilled water, 3 cc. of phosphate buffer, and 1 cc. of 
0.5 m sodium chloride. Place all tubes in a water bath at 37° until they 
have reached the temperature of the water bath. To Tube A (for the 
digest) add 1 cc. of enzyme solution (serum, plasma, or urine). Keep 
all tubes in the water bath for exactly 30 minutes. Promptly add 2 ce. 
of nN hydrochloric acid to each tube. This brings the pH below 2, a step 
that stops amylase action in the digest tube and prevents action of the 
enzyme next added to the control tube. Add 1 cc. of enzyme solution 
to Tubes B (control) and C (blank) and mix thoroughly. Pipette 2 ce. 
of each of these reaction mixtures into appropriately labeled 500 ce. 
volumetric flasks containing about 400 cc. of distilled water and 5 cc. of 
N hydrochloric acid. Add 1 ce. of iodine reagent to each flask and make 
up to volume. The resulting blue solutions are decanted into cuvettes 
and read in a photoelectric colorimeter at a wave-length of 620 my. The 
colorimeter is set at 100, or the null point, with solution from Tube C. 
The latter usually reads 99.75 on the Evelyn colorimeter against dis- 
tilled water; hence distilled water may be used for the colorimeter setting 
without materially affecting the results. Solution from Tube B gives 
the iodine color value without amylase action and solution from Tube 
A gives the value after enzyme action. 


Calculations—Let D = 2 — log G = optical density 


(D of control) — (D of digest) 
(D of control) 





X 60 = mg. of starch hydrolyzed 


The amylase unit is defined as the amount of enzyme that under the 
conditions of this procedure, with 60 mg. of starch present, will hydro- 
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lyze 10 mg. of starch in 30 minutes to a stage at which no color is given 
with iodine at 620 my. The definition of this amylase unit was estab- 
lished to make the unit conform as closely as possible to the units of 
methods in general use. 

For plasma or serum the calculation is 


(D of control) — (D of digest) 60 ia ie 
ie x io X 100 = amylase units per 100 cc. 


DISCUSSION 


As shown in Fig. 1, the blue color developed by this procedure has 
been found to conform to the Beer-Lambert law throughout the range 
of concentration of starch used. The region of maximum absorption 
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MILLIGRAMS OF STARCHIN DIGESTION MixTURE 
Fig. 1. The relation of the starch-iodine color intensity to the concentration of 
starch. 


of the color was found to be between 600 and 620 my (Fig. 2, Curve B). 
We have adopted 620 my as the most desirable wave-length for readings 
for several reasons: The absorption due to the iodine reagent alone is 
negligible at 620 my (Fig. 2, Curve C); Hanes and Cattle (4) and Swan- 
son (1) have shown that as a-amylase hydrolyzes amylose, producing 
shorter chains of hexose units, the range of maximum absorption of the 
starch-iodine color shifts towards the lower wave-lengths. Our obser- 
vations are in accord with the work of these authors, as shown by the 
absorption curve for starch hydrolyzed by amylase (Fig. 2, Curve A). 
The use of the higher wave-length reduces to a minimum the possibility 
of interference by the short chain products of hydrolysis. 

Starch and iodine concentrations were selected to give a range and 
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flexibility well suited to clinical use. The technique outlined permits 
the accurate determination of amylase concentrations in the blood up 
to 500 units per 100 cc. For greater concentrations of enzyme the serum 





100. 

Ww C 

2 90. 

he 

= 

B 80 

= | A 

os T0 

k 10. 

G 

WwW 

& 60_! ; 
50 











1 q T T T i] 1 i T T T T T 
400 490 550 40 610 730 790 
WAVELENGTH IN MiLLIMICRONS 
Fig. 2. The absorption curves of the colors used. Curves A and B, the color 


obtained by treatment of hydrolyzed and unhydrolyzed soluble starch, respec- 
tively, with iodine reagent; Curve C, the iodine reagent only. 


TABLE I 
Comparison of Ten Starches with Use of Urine As Source of Enzyme 


With the exception of the first two samples all starches were made soluble by the 
method of Small (5). The amylase values are averages of three determinations. 








Starch Amylase 


units per 100 cc. 





Merck soluble, Lot 42196... eee 183.2 
“ “ «MRR: agora 198.0 
Potato, laboratory Preparation 1... | 214.2 
c é “c 2. | 196.4 
Corn, commercial, extracted 48 hrs. with dioxane | 162.0 
‘* not extracted... 150.7 
ge Stee ae 109.6 
Sago palm*. 110.2 
Sweet potato, laboratory preparation. 153.0 
Repetition of lst starch after 48 hrs. 178.8 
Potato, Merck.... i. 165.4 





* Kindly furnished to us by Dr. C. S. Hudson of the National Institutes of Health. 


should be diluted. Marked changes in temperature are known to affect 
the intensity of the starch-iodine color. At room temperatures, how- 
ever, the color produced is stable. 

The starch used in these experiments was Merck’s soluble starch 
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(Lintner). This starch was chosen because it is readily available com- 
mercially and requires no special treatment before use. It was expected 
that starches from different sources would not give the same results with 
this procedure due to variations in composition. A series of determina- 
tions was made upon ten starches of different types and also upon differ- 
ent preparations of the same starch. The enzyme solution used was 
human urine. Table I shows the results of these experiments. The 
first four starches tested, which were of Irish potato origin, gave com- 
parable results. Corn-starch gave higher values after extraction with 
dioxane. Irish potato starch gave the highest values of all starches 
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Fig. 3. Curves showing amylase activity of serial dilutions of serum with (Curve 
A) phosphate buffer and (Curve B) HCl-NaCl buffer. 

Fic. 4. The relation of a-amylase activity to the time of incubation, with use of 
lcc. of human serum as the source of enzyme. 


examined. The last sample of starch in Table I was raw starch from 
a commercial source which was made soluble by the method of Small 
(5). No explanation is obvious for the low value obtained with this 
starch as compared with other Irish potato starches. 

We have adopted the phosphate buffer used by Myers, Free, and 
Rosinski (3). We found this buffer satisfactory for serum and urine. 
The HCl-NaCl buffer used by Somogyi (6) appears adequate for serum 
in lower ranges of values but at high enzyme concentrations the phos- 
phate buffer gave higher values, as shown in Fig. 3. The lower activ- 
ity observed with the HCl-NaCl buffer is more marked in urine. 

A series of experiments was performed to study further the validity 
of the procedure. In the first experiment rabbit serum was used as the 
enzyme source. The amount of enzyme present was held constant and 
the starch content of the digest varied from 12 to 120 mg. The results 
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TABLE II 
Effect of Variation of Starch Concentration on Enzyme Hydrolysis 
Amount of starch in digest Amylase 
mg. units per 100 ccQ Sey no aimee 
| 12 83.2 
24 83.7 
48 88.8 
72 82.6 


120 86.8 


TaBLe III 
Effect of Serial Dilution of Enzyme on Hydrolysis of Starch 


























| 60 mg. of starch were used in each tube. 
} ceidainiaaal aiianecinnaescementcianianiai ee te ESSN ihe 
| Enzyme solution Urine amylase Serum amylase 
{ ce. units per 100 cc. units per 100 cc. 
| 0.2 73.2 106.9 
i 0.4 142.8 198.5 
0.6 218.0 303.6 
0.8 288.6 | 400.0 
1.0 377.4 478.8 
H _ — RSNA 
TABLE IV 
Amylase Values of Fifteen Human Sera Determined by Authors’ and Somogyi 
Methods, Showing Relation Between Units of Two Procedures 
| = 
| Authors’ method | Somogyi method Fomony! — 
. units per 100 cc. units per 100 cc. 
82.3 91.3 Li 
74.8 78.9 1.05 
63.1 69.7 1.10 
90.0 105.9 1.18 
136.6 138.9 1.02 
61.2 66.1 1.08 
{ 57.8 68.2 1.18 
25.2 32.0 1.26 
i 45.0 | 47.1 1.05 
68.0 | 76.3 1.12 
49.4 52.2 1.05 
62.4 | 71.4 1.14 
4 96.9 106.6 1.10 
H 90.0 90.8 1.01 
| 64.9 | 70.1 1.08 
a ae ereaeeres 
a 1.10 
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(Table II) showed practically no variation over the range of concentra- 
tion of substrate tested. 

A second experiment was performed with use of a constant amount 
of starch with serial dilutions of enzyme solution. Both serum and 
urine were used as a source of enzyme. The results, as shown in Table 
III, indicate a satisfactory proportionality between enzyme concentra- 
tion and the values obtained. 

In a third experiment the relation of time of hydrolysis to amylase 
activity was studied. Enzyme and starch concentrations were held 
constant and the time of incubation was varied. Fig. 4 shows the re- 
sults of this experiment. The curve obtained shows a straight line rela- 
tionship during the Ist hour of hydrolysis, with some loss of activity 
between 1 and 2.5 hours of incubation. These results demonstrated 
the validity of the use of the 30 minute incubation period. 

To show the relation of the authors’ amylase unit to the unit of the 
Somogyi method, which is in wide-spread use, amylase determinations 
by both methods were made on the sera from fifteen human subjects. 
The results are recorded in Table IV. The amylase values by the Somo- 
gyi method are about 10 per cent higher than those obtained by our pro- 
cedure. For practical purposes values by the two methods may be con- 
sidered directly comparable. 


SUMMARY 


An amyloclastic method for the determination of a-amylase in blood 
and urine has been developed. The method makes use of the difference 
in the intensity of the color produced with iodine by a measured amount 
of soluble starch before and after hydrolysis by the enzyme. The 
method is rapid and has a high degree of accuracy. 
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THE ANTIPHENYLALANINE EFFECT OF 8-2-THIENYL- 
ALANINE FOR THE RAT* 


By MARTHA F. FERGER anp VINCENT pv VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, December 27, 1948) 


It has been demonstrated that 6-2-thienyl-pL-alanine inhibits the growth 
of several different microorganisms and that the inhibition is reversed by 
the addition of phenylalanine to the medium (1-4). Recently this work 
has been extended to a study of the p and L isomers of thienylalanine, and 
it has been shown that in the case of three microorganisms the pD isomer is 
without effect on growth, whereas the L isomer possesses twice the inhibi- 
tory activity of an equal weight of thienyl-pL-alanine (4). 

Early experiments with rats (1) showed that thienyl-pL-alanine was un- 
able to replace phenylalanine in the diet of growing animals. An attempt 
was then made to determine whether thienylalanine exerted an ‘“anti- 
phenylalanine” effect. These preliminary experiments (1) gave incon- 
clusive results, although some indications of an antagonism were obtained, 
and a further investigation of this point therefore seemed necessary. The 
present communication is concerned with such an investigation of the ef- 


fect of thienyl-pL-alanine, thienyl-p-alanine, and thienyl-t-alanine on the 
growth of rats. 


EXPERIMENTAL 


Young male albino rats purchased from the Rockland Farms were used 
for all the experiments. The basal diet, which contained a small amount 
of phenylalanine, had the following percentage composition: amino acid 
mixture (see Table I) 20.2, Osborne and Mendel salt mixture (5) 4, sucrose 
55.8, hydrogenated vegetable oil 19, corn oil (Mazola) 1. The following 
amounts of vitamins were added to each kilo of diet: thiamine chloride 6 
mg., calcium dl-pantothenate 40 mg., riboflavin 25 mg., nicotinic acid 25 
mg., pyridoxine hydrochloride 6 mg., inositol 1 gm., p-aminobenzoic acid 
200 mg., choline chloride 3 gm., vitamin A concentrate 40,000 units, vita- 
min D concentrate 4000 units, dl-a-tocopherol acetate 10 mg., and 2- 
methyl-1 ,4-naphthoquinone 1 mg. Control rats were maintained on this 
diet for periods up to 42 days and were found to exhibit slow growth. 


*The authors wish to express their appreciation to the Lederle Laboratories 


Division, American Cyanamid Company, for a research grant which has aided greatly 
in this work. 
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The animals were maintained on the basal diet for periods of time vary- 
ing from several days to several weeks. Thienyl-pL-alanine, thienyl-p- 
alanine, or thienyl-L-alanine was then added to the diet at the expense of an 
equal weight of sucrose, and the growth response was followed. After a 
suitable period pt-phenylalanine was added in addition to the thienylala- 
nine. The growth rates and average daily food intakes are summarized in 
Tables II and III. In a few experiments the effect of L-tyrosine on the 
growth of animals fed a diet containing thienyl-pL-alanine was investigated. 


TABLE I 
Composition of Amino Acid Mizture 





. Per Per 
; Amino acid cent in Amino acid cent in 
diet diet 
pL-Alanine . | 0.4 | u-Lysine-HCl-H,0. 1.9 
L-Arginine: HCl 0.6 | pt-Methionine .... 7 


~ ~ 


| pL-Phenylalanine. 
TirPPOLNG. 0 0.0 5-0 
DL-Serine...... 
pu-Threonine. . 
L-Tryptophan 
pL-Valine.... 

| NaHCO... 


L-Aspartic acid. 

L-Cystine....... 

L-Glutamie acid. . 
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It was found in preliminary experiments that a diet containing | per cent 
thienyl-pt-alanine caused a loss in weight for a period of 4 to 10 days, which 
was followed by slow growth; this was also true for diets containing | per 
cent thienyl-p-alanine or 1 per cent thienyl-L-alanine. A higher level of 
the isomers was therefore tried. 

In the experiments described in the present paper, a 2 per cent level was » 
employed. The inclusion of any one of the three forms of thienylalanine 
in the diet at this level invariably resulted in an immediate and rapid de- 
cline in weight. Spontaneous resumption of growth on a diet containing 
2 per cent thienylalanine was never encountered, even in cases in which 
feeding was continued for more than 4 weeks. The addition of phenyl- 45 
alanine to the diet containing 2 per cent thienylalanine counteracted the in- | 
hibition of growth. The extent of the inhibition produced by thienylal- 
anine and of the reversal of this inhibition by phenylalanine was subject to 
individual variation, as is evident from the growth records given in Tables 
II and III. f 
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TABLE 


II 


Summary of Feeding Experiments with Thienyl-pi-alanine 


Supplement to basal diet 


None 


“ 


« 


2% thienyl-p-alanine 
None 
2% thienyl-pu-alanine 
None 


2% thienyl-pL-alanine 


| 2% " + 1.3% 


nine 
2% thienyl-pu-alanine + 1.8% 
nine 


| None 


2% thienyl-pi-alanine 


| 2% “ + 1.38% 
nine 
2% thienyl-pi-alanine 
None 
2% thienyl-pi-alanine 
2% as + 1.8% 
nine 
None 
2% thienyl-pt-alanine 
2% se + 1.3% 
nine 
None 
1% thienyl-pu-alanine 
2% : 
| 2% + 1.3% 
nine 
None 


| 2% thienyl-pi-alanine 


€ % “ + 1.3% 
nine 

2% thienyl-pu-alanine + 1.8% 
nine 


None 

2% thienyl-pu-alanine 

2% ¢ + 1.3% 
nine 


2% thienyl-pi-alanine + 1.8% 
nine 
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TABLE ITI 





Summary of Feeding Experiments with Thienyl-p-alanine and Thienyl-u-alanine 
Food | 
wa on Supplement to basal diet inane he oes ae oe 
tion 
days bie hes gm siete | 
54 9 None 6.8 | 108-123 | +1.7 
10 2% thienyl-p-alanine 2.7 | 123-101 2.9 : 
11 | 2% ne + 1.8% pu-phenylala 6.5 , 101-130 +2.6 
nine ] 
61 11) None 6.2 118-132 | +1.3 f 
7 | 2% thienyl-p-alanine 2.3 | 182-107 | —3.6 l 
14 | 2% . + 1.8% pu-phenylala-; 6.0 | 107-130 | +1.6 t 
nine 
43 15 | None 6.5 | 85-108 | +1.5 
6 | 1% thienyl-p-alanine 4.8 | 108- 99 | -1.5 q 
7 | 2% - 3.0} 99- 89 | -1.4 a 
9 | 2% “as + 1.38% pu-phenylala-| 7.1 89-110 | +2.3 C 
nine t 
47 7 | None 5.7 | 121-135 2.0 
5 | 2% thienyl-p-alanine 1.2 | 135-110 | —5.0 t 
9 | 2% <5 + 1.8%, pu-phenylala-) 4.0 | 110-104 > —0.7 d 
nine SI 
55 10 | None 5.8 110-127 41.7 
5 | 2% thienyl-L-alanine 1.4 | 127-108 —3.8 
16 | 2% rs + 1.8% pu-phenylala-- 4.6 | 108-123 | +0.9 
nine 
40 | 15 | None 8.7 | 86-116 | +2.0 of 
6 | 1% thienyl-t-alanine 4.5 | 116-110 | —1.0 2 
9 | 2% ‘i 2.8) 110-98 | -1.3 } b 
10 | 2% i + 1.3% pu-phenylala-- 5.3 | 98-112 1.4 al 
nine ‘ 
59 9 | None 5.9 | 116-124 | +0.9 bs 
7 | 2% thienyl-.-alanine 1.9 | 124-102 -3.1 m 
22 | 2% i + 1.8% ptu-phenylala- 4.3 102-102 0.0 pI 
nine 
35 42 None 6.2 | 73-115 41.0 } 
4 1% thienyl-pi-alanine .O | 115-115 0.0 1. 
6 1% thienyl-L-alanine 5.5 | 115-113 0.3 
9 | 2% ee 4.0 | 113-103 | —-1.1 9. 
712% “: + 1.38% pt-phenylala-| 6.4 | 103-120 | +2.4 3. 
nine 
hie 4, 
It is interesting to note in connection with the inhibitory activity of 5. 
thienyl-p-alanine for the rat that a diet containing p-phenylalanine in place 4 


of t-phenylalanine can support the growth of the rat (6). On the other 
hand, Lactobacillus delbrueckii, for which thienyl-p-alanine has been re- 8. 
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ported to be inactive (4), cannot utilize p-phenylalanine for growth (7). 
The other microorganisms for which thienyl-p-alanine has been shown to 
be inactive, Saccharomyces cerevisiae and Escherichia coli (4), do not require 
phenylalanine in the medium for growth. 

An investigation was made of the effect of tyrosine on thienylalanine in- 
hibition. In the case of four animals which had received the diet con- 
taining 2 per cent thienyl-pL-alanine for 4 to 6 days, the addition of 4 per 
cent L-tyrosine to the diet failed to cause any resumption of growth, al- 
though feeding of tyrosine plus thienylalanine was continued for 3 weeks. 
Feeding of 4 per cent L-tyrosine over the whole period of thienylalanine 
feeding failed to prevent the usual weight loss. The addition of 4 per cent 
L-tyrosine to the basal diet containing no thienylalanine did not decrease 
the rate of growth of control animals. 

Although these results do not eliminate the possibility that tyrosine 
might be able to counteract the toxicity of thienylalanine under other diet- 
ary conditions, they do make it appear unlikely that such would be the 
case. For comparison, it may be noted that tyrosine is unable to reverse 
the toxicity of thienylalanine for Saccharomyces cerevisiae but can reverse 
the toxicity for Escherichia coli (3). In the case of the latter organism, evi- 
dence has been presented to show that thienylalanine prevents the synthe- 
sis of tyrosine from phenylalanine (8). 


SUMMARY 


The effect of 6-2-thienyl-pL-alanine and the p and L isomers on the growth 
of rats fed a diet low in phenylalanine has been investigated. At a level of 
2 per cent in the diet, all three forms of thienylalanine produced an inhi- 
bition of growth which could be counteracted by pL-phenylalanine. The 
antagonistic relationship between phenylalanine and thienylalanine, pre- 
viously known only in microorganisms, has thus been extended to mam- 
malian metabolism. The effect of tyrosine on the inhibition of growth 
produced by thienylalanine has also been investigated. 
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THE CONVERSION OF S*-HOMOLANTHIONINE TO 
S®*-CYSTINE IN THE RAT 


By JAKOB A. STEKOL* anp KATHRYN WEISS 


(From the Lankenau Hospital Research Institute and The Institute for 
Cancer Research, Philadelphia) 


(Received for publication, January 11, 1949) 


§-Bis(y-amino-y-carboxypropyl)sulfide, which we named homolanthi- 
onine, was found to be available to the rat for growth in lieu of cystine 
either on a low casein diet or on a diet in which the sole source of protein 
was supplied by a mixture of amino acids (1). This observation could 
not be easily explained on the basis of the assumption that homolanthi- 
onine was cleaved in vivo to yield homocysteine. Very poor growth was 
obtained with homolanthionine on diets which furnished choline and 
cystine, whereas with homocystine instead of homolanthionine good growth 
was obtained under similar conditions. Yet, homolanthionine stimulated 
the growth on diets containing minimal amounts of methionine. Since 
our preparation of homolanthionine consisted of a mixture of three isomers, 
it appeared possible that one of the isomers of homolanthionine yielded 
homocysteine 7m vivo, which in the presence of choline was converted to 
methionine, and thereby increased the amount of methionine available 
to the rat ingesting a diet containing minimal amounts of methionine. 
Such a formation of homocysteine from one of the isomers of homolanthi- 
onine would have to be small, indeed, since in the presence of choline and 
cystine, but with no methionine in the diet, this amount of formed methi- 
onine was insufficient to stimulate the growth, although maintenance of 
weight was secured. 

These considerations of the data led us to the conclusion that at least 
one of the isomers of homolanthionine gave rise to cystine in the rat with- 
out the preliminary cleavage of the thioether to homocysteine. A working 
hypothesis was proposed which would tentatively explain such a trans- 
formation of homolanthionine to cystine (1). 

Before proceeding with the elaboration of evidence in support of the 
proposed intermediates in such a transformation, it appeared necessary 
first to furnish proof that cystine is elaborated from homolanthionine. 
Since our hypothesis suggests that the sulfur of homolanthionine, and not 
necessarily its carbon chain, is available for the synthesis of cystine in the 
tat, the use of radioactive sulfur as a metabolic label appeared eminently 
suitable for testing directly this particular aspect of the hypothesis. 


* Aided by a grant from the Williams-Waterman Fund of the Research Corpora- 
tion, New York. 
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The present report furnishes a direct proof that the sulfur of homolanthi- 
onine is available for the synthesis of cystine in the rat. 


EXPERIMENTAL 


A sample of 8*-S-benzylhomocysteine with the activity of 4 x 105 
counts per minute per mg. was obtained through the courtesy of Dr. H, 
Tarver of the University of California. $*-Homolanthionine was syn- 
thesized from this preparation by the previously described method (2), 
The compound was analytically pure, and it was free of either the thiol or 
the disulfide groups as far as could be determined by the existing methods, 
For feeding experiments the radioactive homolanthionine was diluted 
20-fold with ordinary homolanthionine. 

Three male rats (litter mates) of the Wistar strain, born and raised in 
the laboratory, were used. The animals were not previously experimented 
with. They were kept in individual metabolism cages, and water and food 
were allowed ad lititum. All rats were fed for 3 days the amino acid 
mixture diet (1), which was supplemented with 0.5 per cent choline chloride 
and 0.25 per cent of pi-methionine. On the 4th day the rats weighed 
87 to 91 gm. Rat 272 then received, mixed with the diet, 0.8 gm. of S*- 
homolanthionine per 100 gm. of food, Rat 273 received the same amount 
of ordinary homolanthionine, and Rat 274 was continued as a control on 
the same diet as was fed before. The feeding was continued for an addi- 
tional 12 days, at the end of which time the experiments were terminated 
and the weight of all the rats and the weight of the food consumed were 
recorded. 

The rats which ingested the homolanthionines were killed by a blow, 
and the hair of each animal was removed separately by an electric clipper. 
About 1 gm. of hair from each rat was collected. The hair was washed 
with soapy water, then with ethanol, followed by ethyl ether. The dry 
material from each rat was hydrolyzed separately with 30 times its weight 
of 1:1 mixture of formic and hydrochloric acids by refluxing for 17 hours. 
The acids were removed by distillation at reduced pressure, and the residue 
was dissolved in 10 ml. of 1 N HCl. From this point on a modification of 
the Vickery-White procedure (3) for the quantitative precipitation of 
cysteine as the cuprous mercaptide was used. After buffering the acid 
solution of the digest with acetate buffer to pH 4.5, the volume was adjusted 
to about 30 ml. with water and the solution was heated on a water bath 
to about 80°. Cuprous oxide was then added in small portions to the 
solution with mechanical agitation, until a small excess of the oxide was 
present. Reduction of cystine to cysteine prior to the addition of cuprous 
oxide was found to be unnecessary (4). 

The precipitated material was allowed to settle for about an hour, re- 
moved by centrifugation, and washed three times with ethanol. The 
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washed material was suspended in 30 ml. of 1 n HCl, and, while kept hot, 
was decomposed with a stream of H2S. Copper sulfide was removed by 
centrifugation, washed with 1 N HCl, and the washings were added to the 
supernatant fluid. The volume of the solution was reduced to about 8 


_ml., and the cysteine was oxidized to cystine by careful addition of an aleo- 


holic solution of iodine, avoiding an excess. The pH of the solution was 
then adjusted to 4.5 with dilute ammonia, and, after cooling in the refriger- 
ator overnight, cystine was removed by centrifugation and recrystallized 
twice from dilute hydrochloric acid with dilute ammonia. For analysis, 
the isolated cystine was washed with ethanol, then with ether, and dried 
in vacuo at 100° over P,O;. About 74 mg. of pure cystine per gm. of rat 


' hair were obtained. The product, on analysis, contained 26.59 per cent of 


sulfur; calculated for cystine, 26.67 per cent. 


TABLE [| 


Data on Feeding Experiments, and Activities of Administered Homolanthionine and of 
Tsolated Cystine 


I 
| 


Homolanthionine fed 


— Gain in Food in 12 days Activity of BaSO.* 
(males) — | oe. : - : 
S% S32 etal Cystine 
_— gm. x on. a mg. counts per min. counts per min. 
272 12 5.0 480 8900 130 
273 13 5.1 490 0 0 
274 3 3.0 None 


* Corrected for background which was 17.5 counts per minute. 


The data on growth and the activities of the homolanthionine fed and 


of the isolated cystine are summarized in Table I. For radioactivity 
_ measurements the homolanthionine and the cystine were oxidized with 





concentrated nitric acid, followed by digestion with Denis’ reagent (5), 
and the sulfates were isolated as BaSO,y. The measurements of the ac- 
tivities were made on BaSO, spread in an “‘infinitely thick’ layer over an 
area of 5 sq. cm. under a mica window counter (6). We wish to express 
our thanks to Dr. 8. Weinhouse of Temple University for extending the 
facilities and assistance in carrying out these measurements. 


DISCUSSION 


The data in Table I show that the activity of the isolated cystine was 
about 1.5 per cent of the total activity of the administered S*-homolan- 
thionine (130 of 8900 counts per minute). Considering the fact that the 
hair of the rat which was fed the radioactive homolanthionine was not 
removed before the administration of the compound was instituted, con- 
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siderable dilution of S*-cystine with preformed cystine must have taken 
place during a relatively short experimental period. In spite of this, the 
activity of the isolated cystine was sufficiently high to establish beyond 
reasonable doubt that the sulfur of homolanthionine is available to the 
rat for the synthesis of cystine. 

In order to check the unlikely possibility that the radioactive homolan- 
thionine found its way into the rat hair and was carried down as an im- 
purity with inactive cystine during the isolation procedure, we added 
active homolanthionine to inactive cystine, dissolved the mixture in 1 y 
HCl, and carried out the isolation of cystine, as described before. The 
isolated cystine was inactive. There is no doubt, we believe, that the 
activity of the isolated cystine was not a result of contamination by radio- 
active homolanthionine within the hair of the rat. However unlikely, 
the possibility still remains that, in addition to radioactive cystine, radio- 
active homolanthionine or its metabolic products may have been present 
in the rat hair. 

Of course, our data do not disclose any information regarding the fate 
of the carbon residue of homolanthionine or the origin of the carbon chain 
of cystine; nor do they elucidate the nature of the intermediates which are 
involved in the transformation of homolanthionine to cystine. Further 
work with isotopic labels in various positions of the homolanthionine mole- 
cule is clearly desirable. As we have pointed out previously (1), pure iso- 
mers of homolanthionine must be made available before one can definitely 
state which isomer is involved in the transformation of homolanthionine to 
cystine and, perhaps, to methionine. 

That an artifact such as homolanthionine should give rise to cystine in 
vivo encourages further work on the problems of the proposed intermediates 
in this transformation (1), of the possible origin of homolanthionine from 
methionine, and, perhaps, its occurrence in natural products. 


SUMMARY 


S*-Homolanthionine was synthesized and fed with food to rats. After 
12 days, cystine was isolated from the hair. The isolated cystine was 
radioactive. The conclusion is drawn that the sulfur of homolanthionine 
is available to the rat for the synthesis of cystine. 
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THE DETERMINATION AND THE URINARY EXCRETION OF 
CAFFEINE IN ANIMALS* 


By R. 8S. FISHER, E. J. ALGERI, ann J. T. WALKER 
(From the Department of Legal Medicine, Harvard Medical School, Boston) 


(Received for publication, January 14, 1949) 


Caffeine, its physiological actions, and its metabolic fate have been of 
great interest to the medical profession for many years because of the thera- 
peutic value of the drug as a respiratory and circulatory stimulant, and its 
wide-spread consumption in beverages. Despite this, a suitable method 
for the detection and quantitative determination of small amounts of caffe- 
ine in body fluids has not been available. It is the purpose of this paper 
to present such a technique, along with certain observations concerning the 
excretion of caffeine by the dog and horse. 

Chronologically, caffeine determination has passed from the stage of ulti- 
mate analysis of extractive residues early in this century (1, 2), through 
colorimetric procedures in the 1930’s (3), to the use of ultraviolet spectro- 
photometry (4). The former are not applicable to urine and blood be- 
cause of the impracticability of obtaining caffeine-containing extracts of 
sufficient purity for routine carbon and nitrogen analyses to yield signifi- 
cant results. The colorimetric procedure, with use of the murexide reac- 
tion, as described by Tanaka and Ohkubo (3), has, in our experience, failed 
to yield sufficient precision and specificity to allow its use in analysis of 
caffeine-containing urines. Ishler, Finucane, and Borker (4) have reported 
the use of the ultraviolet absorption spectrum of caffeine for its determina- 
tion in coffees and crude caffeine preparations. This laboratory has been 
studying the ultraviolet absorption spectra of various methylated xan- 
thines during the past year and has developed a technique based on these 
phenomena which allows detection of caffeine in amounts as small as 2.5 y 
per cc. of urine. Ishler et al. have described the ultraviolet absorption 
spectrum of caffeine and found that it conforms to the Beer-Lambert law. 
We also confirm these findings and have obtained a molecular extinction 
of 10,800 (log Io/J = 0.635 at 273 my for 12.5 y per cc.). Fig. 1 shows 
the spectrum of pure caffeine. 


Analytical Method 


Apparatus—A Beckman DU quartz photoelectric spectrophotometer, 
equipped with 10 mm. quartz cells, is used. 


* This research was supported by a grant from the Eastern Racing Association, 
Inc., Revere Racing Association, Inc., Massasoit Greyhound Association, Inc., and 
the Taunton Greyhound Association, Inc. 
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Reagents— 

Saturated aqueous solution of lead acetate (Pb(C2H;02).-3H,0). 
Anhydrous powdered Na2COs, reagent grade. 

. Powdered NaHCOs, reagent grade. 

. Saturated aqueous NaHCO; solution. 

. 0.05 n HCl; prepared from redistilled HCl. 

. Specially purified CHCl;. Reagent grade CHCl, washed serially with 
10 per cent NaOH, concentrated H,SQO,, two portions of distilled water, 
and then redistilled from glass. 


orf, WN 


o> 





.800 = 


.700 + 


8 
v4 


: 


DENSITY - LOG (4) 
» 2» &w 
ES) rs} 


nm 

O° 

°o 
ni 
/ 





. 100+ 














9) T T T we T T T ~— 
220 230 240 250 260 270 280 290 300 310 
WAVE LENGTH AU 


Fig. 1. Ultraviolet absorption spectrum of caffeine, concentration 12.5 y per cc., 
in HCl at pH 3. 


Procedure 


Urine—A 40 cc. specimen of the urine is treated by the dropwise addi- 
tion from a burette of a saturated solution of lead acetate until precipita- 
tion is complete. The solution is filtered and 1.0 gm. of NaHCO, is added 
to the filtrate. NasCO; is then added to pH 9.0 + 0.5 (universal indicator 
paper). This results in the precipitation of excess lead, and the solution 
is again filtered. A 20 cc. aliquot of the filtrate is shaken serially with two 
20 cc. portions of CHC]; ina separatory funnel. The combined CHC\; ex- 
tracts are washed once with 5 cc. of 0.05 N HCl and dried by filtering 
through anhydrous sodium sulfate suspended on a cotton pledget in a small 
funnel. The solvent is then removed by vacuum distillation at room tem- 
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perature. The final residue, usually crystalline if caffeine is present, is 
taken up in 10 cc. of warm water, filtered through cotton into a quartz cell, 
and the optical density recorded throughout the range 220 to 310 mu. 
There will frequently be a small amount of water-insoluble amorphous ma- 
terial in the final residue (after chloroform evaporation), but it may safely 
be discarded, as we have found that this fraction, when dissolved in alcohol 
or chloroform, does not exhibit characteristic absorption bands in the ultra- 
violet. 

Blood—A Folin-Wu filtrate is prepared with 15 cc. of blood, 75 ce. of 
water, 30 cc. of 10 per cent NazWO,-2H.0, weight by volume, and 30 cc. 
of 3 N H2SO,. 75 ce. of this filtrate are extracted directly with two 25 ce. 
portions of CHC]; and the extracts washed, dried, and further treated as in 
the procedure for urine, except that solution of the final residue for spectro- 
photometry is effected in 4 cc. of water. 


Calculations 


Urine—The optical density of the final washed urine extract is due to 
two components, viz. caffeine and other chromogens. To correct for the 
non-caffeine chromogens it is necessary to establish a ‘“‘blank.’”’ This may 
be done experimentally by treating non-caffeine-containing urines by the 
analytical procedure. The magnitude of the optical density of such ex- 
tracts of negative urine will vary considerably (Table I), depending princi- 
pally on the relative amounts of chromogenic substances in the initial speci- 
men. 


The calculation is 
C = 0.0246 (dx — dg) (40 + L) (1) 


where C = the concentration of caffeine in mg. per 100 cc., dy = the optical 
density of the unknown (at 273 mu); dg = the optical density of the ex- 
tract of the non-caffeine-containing specimen (at 273 mu); L = the volume 
of lead acetate solution added in the first step of the extraction procedure. 

With urine specimens containing more than about 5 y per cc. of caffeine, 
it will be necessary to dilute the final extract before spectrophotometry. 
In this case dy will be obtained by multiplying the observed density of the 
diluted extract by the dilution factor. 

It has been found possible to apply an alternate procedure for estimating 
the blank in routine analyses of urine specimens in which an initial nega- 
tive urine cannot be obtained. For this purpose it may be assumed that 
the absorption due to chromogens other than caffeine decreases as a 
straight line function in the range 245 to 300 my. The construction of 
such a blank absorption curve on an observed final extract spectrum is 
shown in Fig. 2 (line AB). The selection of the 300 my point (B) is based 
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on the fact that caffeine has essentially zero absorption at 300 mu (Fig. 1). 
The other point (A) is taken as the minimum of the observed curve in the 
region of 240 to 250 my. For pure caffeine (Fig. 1) the construction of such 
a line and observations of its ordinate at 273 my yield a value (a) which 
equals 15.7 per cent of the maximum absorption (a + 6). In the unknown 
specimens the blank curve is constructed and its ordinate at 273 my is de- 
ducted from the observed maximum. The resulting value is then adjusted 
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Fic. 2. Absorption spectrum of an extract of caffeine-containing urine, showing 
the construction of the blank absorption curve, AB. 


for the ratio of b to (a + b) (multiply by 1.19) and this value (d,) substituted 
in Equation 1 for the (dy — dg) term; 7.e. 


ao 


C = 0.0246d, (40 + L) (2) 

Blood—The same general considerations apply to blood as to urine with 

regard to alternate methods of estimating the blank (absorption due to 

chromogens other than caffeine). The equations are 

; C = 1.05(dx — dz) (3) t 
| C = 1.05d, (4) E 
i is 
i Comments ‘ 
} A series of ultraviolet absorption spectra typical of those obtained in 0 
| analysis of urine is shown in Fig. 3, where the spectra of the final extracts ¢ 


of the 1, 2, and 8 hour specimens from Experiment II (Table III) are 
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plotted. The volume of urine sample and the final volume of extract sub- 
mitted to spectrophotometry were 25.0 cc. each, dilution of the extract to 
this final volume being necessary because of the concentration of caffeine 
present. The blank curve (0 hour) was obtained in this case from urine 
collected immediately before the caffeine was administered. 

Table I illustrates the significance, in the final analytical results, of the 
two alternate methods of estimating the non-caffeine chromogens in the ex- 
tract subjected to spectrophotometry. These determinations are selected 
from the experimental results reported subsequently in this paper. They 
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Fie. 3. Absorption spectra of extracts of urine from caffeine-stimulated dog. 
25 ec. samples; final extracts diluted to 25 cc. 








exemplify urine and blood specimens in which the caffeine concentrations 
varied within wide limits. Examination of the results shows that there is 
close agreement between the two methods when dog urine is analyzed. 
(The limits were from 96 to 104 per cent and the range of caffeine concen- 
tration was from 0.24 to 4.7 mg. per 100 cc. of urine.) This is to be ex- 
pected when the magnitude of the blank is low, as is generally character- 
istic of dog urine. In the case of horse urine, the disparity is greater, with 
one pair of results differing by 38 per cent. This, however, was in a speci- 
men with very low caffeine concentration and a relatively high non-caffeine- 
chromogen content (0.25 mg. per 100 cc. of caffeine and dg = 0.232). 
Both theobromine and theophylline have absorption spectra which are 
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quite similar to, though not identical with, that of caffeine and theoretically 
would interfere with the determination of caffeine. In actual extractions, 
approximately 35 per cent of theobromine present in original solutions (con- 


TaBLe I 
Effect of Calculating Resulis with Estimated Blank 





bre ae oo 
“| & | eateaated | yestimated | 52 name 
70 ce. | 100 cc. | Percent 

0.414 | 0.232 0.21 | 0.18 | —38 | (See Table II) Horse urine, 0.25 
| | | mg. caffeine added per 100 ce. 

4.070 | 0.232 | 4.3 4.3 | 0 | Horse urine, 5.0 mg. caffeine added 
| | | per 100 cc. 

0.313 | 0.093 | 0.24 | 0.23 | -—4 | Dog urine, 0.25 mg. caffeine added 
| | per 100 cc. 

4.340 | 0.093 | 4.7 | 4.9 | +4 | Dog urine, 5.0 mg. caffeine added 
| per 100 ce. 

0.830 | 0.170 | 0.73 | °° 0.64 —12 | (See Table IV, Experiment III) 
| | | Horse urine. Isthr. 

0.756 | 0.170 | 0.65 | 0.65 | 0 2nd hr. 

0.964 | 0.170 | 0.88 | 0.71 -19 4th “ 

1.115 | 0.330f | 0.87 | 0.69 | a (See Table IV, Experiment IV) 
| Horseurine. Ist hr. 

1.549 | 0.342¢ | 1.3 1.4 +8 10th hr. 

1.424 | 0.352t | 1.2 11 | -8 | 19th “ 

1.239 | 0.094 | 1.8 | 1.3 0 | (See Table III, Experiment II) 
| Dogurine. Isthr. 

0.694 | 0.094 | 0.66 | 0.65 | -—2 | 8thhr. 

0.409 | 0.133 | 0.29 | 0.26 | -10 (Experiment III) Horse blood. 
| 10 min. after administration 

0.400 | 0.133 | 0.28 0.28 | 0 _ ns Y 

0.660 | 0.114 0.57 0.57 | 0 (Experiment I) Dogblood. Ist hr. 
| after administration 

0.598 | 0.114 0.50 | 0.46 —8 | 2ndhr. after administration 





* Ratio of the difference between the two results and the result based on calcula- 
tions with dg. 

+ Same ‘‘blank”’ urine specimen but analyzed on successive days. Note increase 
in dg with increasing age. 


centrations of 0.25 and 5.0 mg. per cent) was recovered in the final residue. 
With theophylline in similar concentrations, less than 2.5 per cent was re- 
covered, and it is judged that it would not interfere with caffeine determi- 
nation except under very extraordinary conditions. 

The acid washing of the combined chloroform extracts serves to remove 
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certain organic bases from the solution and thereby prevent their inter- 
ference in later spectrophotometry of the caffeine. (Among these are 
strychnine, benzedrine, and nicotine.) Further studies are in progress with 
the intention of determining these substances, should they be present in the 
specimen of urine examined. If the acid extract is to be examined spectro- 
photometrically, a preliminary wash of the chloroform is advisable (4 ec. of 
saturated sodium bicarbonate solution). 


Results 


In Vitro—Varying amounts of caffeine were added to samples of horse 
and dog urine and the specimens analyzed by the above technique. The 
recoveries are shown in Table II. 








TaBLe II 
Recovery of Caffeine Added to Urine 
Horse | Dog 

Known Found : Known Found ae 
concentration concentration Recovery concentration concentration Recovery 
mg. per 100 cc. mg. per 100 cc. per cent mg. per 100 cc. mg. per 100 cc. per cent 

0.25 0.21 84 0.25 0.24 96 

5.0 4.3 86 1.4 1.3 93 


| | 5.0 ie. | 








Dogs—Female greyhounds were prepared for catheterization by surgical 
exposure of the urethral orifice and the incisions allowed to heal. Caffeine 
was administered intravenously and by stomach tube and urine specimens 
collected at intervals and analyzed for caffeine. The results are presented 
in Table III. 

Blood specimens taken at 1 and 2 hours after the intravenous dosage were 
analyzed and showed 0.57 and 0.50 mg. per 100 cc. of caffeine respectively. 

It is apparent at once that only a very small fraction of an administered 
dose of caffeine is recoverable in the urine. Further, the magnitude of this 
is influenced by the relative diuresis. Thus in Experiment IJ, water di- 
uresis occurred because of the administration of 625 cc. of water with the 
caffeine, and 7.5 mg., or 3.0 per cent, of the administered dose were re- 
covered in 6 hours. In Experiment I, in which water was not given by 
stomach tube, only 0.7 per cent was recovered in 6 hours. 

Horse—The elimination of caffeine by a mare was studied after intra- 
venous and oral administration of the drug. The urine specimens were 
collected through a large Foley catheter which was kept clamped between 


collections of the various samples. Table IV shows the results of these 
studies. 











ee 


TaB_ezE III | 





















































| 
Concentration and Recovery of Caffeine in Dog Urine | 
5 , | Timeatter| ya Caffeine on 4 | 
cafieine | Sdminis- | volume | concen | caffeine | Remarks 
mg. per kg. hrs. | cc. mg. per 100 ce. wi a - aye ea . 
9.75 a 1.4 0.39 | Experiment I. Weight 20.5 
2 | 14 1.3 0.18 kilos; caffeine sodium ben- 
| 4 | 27 2.0 0.54 zoate, 400 mg. intraven- 
| 6 | 24 1.2 0.29 ously 
Total.. | | 93 1.40 | 0.7% recovery 
1.0 | 1 | 96 1.3 1.2 | ExperimentII. Weight 25.0 
2 | 294 1.1 3.2 kilos; caffeine citrate, 0.5 
| é 4 2 1.0 2.2 gm. in 625 cc. water per 
6 | 114 0.82 0.9 os; water ad libitum 
} 8 | 150 0.66 1.0 
12 250 0.88 2.2 
| 24 537 0.37 2.0 
Total...) 1665 12.7 5.1% recovery 
TaBLE IV 
Concentration and Recovery of Caffeine in Horse Urine 
Time after | Uri Caffei Total caffei 
cbeiuatin | “ame Pr ues” Remarks 
bs. | co |og.peri00c.| mg. | 
1 355 0.73 2.6 Experiment III. 3.0 gm. caf- 
2 200 0.65 1.3 feine sodium benzoate intra- 
3 | 410 0.65 2.7 venously; mare _ weighing 
4 160 | 0.88 1.4 | about 430 kilos 
a | $$ | —_——__— _ 
OCA. «5s 1125 8.0 | 0.5% recovery 
| | | 
|— ene A re! RR HY 
Pa ge) ele co) me | Experiment IV. 3.0 gm. caf- 
2 550 ia 6.1 | feine alkaloid orally in gela- 
3 135 | 1.6 | 2.2 | tin capsule; same mare as in 
4 250 1.5 | 3.8 Experiment III; recovery in 
5 660 | 1.4 9.2 first 4 hrs., 0.5% 
6 on a 0.6 
8 760 Pe 12.9 
10 540 1.3 | 7.0 
12 800 0.92 | 7.4 
154 835 zo, 9.2 
19 1335 1.2 16.0 | ee 
21 370 5 | 4.1 
24 840 0.71 6.0 | 
Total..... | 7443 87.4 | 2.9% recovery 
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Examination of these results shows that after intravenous administra- 
tion of caffeine the urine level of the drug is approximately the same in each 
of the first 4 hourly specimens. Blood samples taken 10 and 70 minutes 
after injection of the drug were analyzed and showed 0.29 and 0.28 mg. 
per 100 cc. respectively. These are to be contrasted with the 1st hour 
urine which contained 0.73 mg. per 100 cc., essentially 3 times that in the 
blood. The same general relationship was found in the dog in Experiment 
I (see Table III). 

After oral administration of caffeine to the horse, the concentration of 
caffeine in the urine rose progressively during the first 3 hours, remained 
relatively constant through the 8th hour, and then declined gradually to 
0.71 mg. per 100 cc. at the end of 24 hours. At 48 hours, a urine specimen 
contained approximately 0.17 mg. per 100 cc. of caffeine. Thus, with 
dosage of the magnitude described herein, it is readily possible to detect 
caffeine in any single urine specimen within the first 24 hours after ad- 
ministration. With the horse, as with the dog, only a small fraction of a 
given dose of caffeine was recovered in 24 hours. 


SUMMARY 


1. A method for rapid detection and determination of caffeine in urine 
and blood, with an ultraviolet spectrophotometric technique, is described. 
It is applicable to urinary concentrations of the drug as low as 2.5 y per ce. 

2. The procedure allows the isolation and detection of caffeine in the 
presence of other commonly used stimulants and the strongly basic alka- 
loids. 

3. Caffeine appears promptly in the urine of dogs and horses after the 
oral or intravenous administration of the drug. It continues to be excreted 
in the urine for at least 24 hours after administration. 

4. The urinary recovery of orally administered caffeine in the first 24 
hour period after dosage was 2.9 per cent in a horse and 5.1 per cent in a dog. 


We are indebted to Dr. J. A. McComb, of the Division of Biologie Lab- 
oratories, Massachusetts Department of Public Health, for cooperation in 
the horse experiments reported herein. 
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THE INFLUENCE OF MAGNESIUM AND COBALT ON THE 
INHIBITION OF PHOSPHATASES OF BONE, INTESTINE, 
AND OSTEOGENIC SARCOMA BY AMINO ACIDS* 
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In previous papers some of the characteristics and the extent of the 
inhibition of alkaline phosphatase activity by a-amino acids were evaluated 
(1). The first concern of the present study was to investigate the influence 
of magnesium ion on this inhibition. Since the results which were ob- 
tained in this connection indicated the possibility that a-amino acids 
might exert their inhibitory action through combination with an essential 
metal component of the enzyme, the studies were extended to several 
other phases: (a) the effect of magnesium on the inhibition of bone and 
intestinal phosphatases by cyanide ion; (b) the influence of cobalt alone 
and in combination with magnesium upon the inhibition of these phos- 
phatases by amino acids; (c) the effect of sodium azide on the activity of 
phosphatase. Finally, it was considered of value to determine the extent 
to which the phosphatase of human osteogenic sarcoma resembled that of 
rat bone with respect to the inhibition by amino acids and the influence 
of magnesium and cobalt on this inhibition. 


EXPERIMENTAL 


The methods for preparing phosphatase extracts and for purifying them 
by dialysis have been described previously in detail (2). In the present 
work, rat bone, rat intestinal, and human osteogenic sarcoma phosphatases 
were made by this method. The degree of purity was defined in units as 
the ratio of the reaction velocity, in micrograms of inorganic phosphorus 
liberated as phosphate per cc. of hydrolysis per minute, to the total nitrogen 
content, expressed in mg., of the enzyme contained in 1 cc. of the hydrolysis 
mixture. The purity of rat bone phosphatase preparations usually aver- 
aged about 20 units at 24.80°, whereas that of intestinal phosphatase 
preparations ranged from 40 to 100 units at this temperature. The 
purity of one of the osteogenic sarcoma phosphatases, preparation MOSB, 


*This investigation was supported in part by a research grant from the National 


Cancer Institute of the National Institutes of Health, United States Public Health 
Service. 
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was 344 units at a temperature of 32.20°. This osteogenic sarcoma phos- 
phatase preparation was further purified by a method which was essentially 
that of Robison and his coworkers (3, 4) and which involved precipitation 
of the dialyzed preparation with an alcohol-ether mixture, extraction of 
the precipitate with dilute alcohol, and precipitation of this extract with 
alcohol containing 0.25 per cent sodium acetate. The purity of this 
preparation was 1240 units at 32.20°.! 

In most of the experiments reported in the present paper, the concen- 
tration of enzyme was 12.5 per cent by volume of the hydrolysis mixture; 
that of the substrate, sodium §$-glycerophosphate, was in the maximal 
range, 0.0254 m. The concentration of the buffer, sodium diethyl] bar- 
biturate, was 0.5 gm. per 100 cc. of hydrolysis mixture or 0.024 mM. Small 
amounts of 0.1 N or 1.0 N sodium hydroxide or hydrochloric acid were added 
to yield the required pH range. Magnesium, cobalt, amino acid, or any 
other substance or combination of substances pertinent to the particular 
experiment were added to the substrate-buffer mixture and allowed to 
remain at room temperature for about 5 to 10 minutes and at the temper- 
ature of the bath for another 5 minutes before the addition of the enzyme 
which had also been brought to the temperature of the bath. It was 
found, however, that there was no significant difference in reaction rate if 
the substrate were added last to a mixture of the enzyme and the other 
constituents. In the experiments dealing with the effect of cobalt, or 
magnesium, of both metals conjointly, or of the amino acids, cyanide, 
etc., each determination of phosphatase activity was carried out, as previ- 
ously described (2), at optimal alkaline pH which was assured by running a 
series of hydrolyses constituting a very closely spaced pH-activity curve 
in and about the optimal range. 

The reaction velocities were determined from the amount of phosphorus 


1 It was of interest to compare the purity of our preparations with that of Albers 
and Albers (5) who developed procedures for the purification of kidney phosphatase. 
Our values for the activities of the preparations used in the present work were re- 
calculated in terms of Martland and Robison units (3, 4); in this calculation the 
energy of activation of bone phosphatase (6) and the relation between total N con- 
tent and dry weight were taken into account. Martland and Robison (3) obtained 
crude preparations of bone phosphatase with an activity of 0.7 unit per mg. of dry 
weight and purified preparations with an activity of 5.7 units per mg. of dry weight. 
The purest kidney phosphatase preparations of Albers and Albers (5) had an ac- 
tivity of about 50 to 60 units per mg. of dry weight. In the present work, the ac- 
tivities of an intestinal phosphatase, RIQ-d, of a bone phosphatase, RBQ-d, and of 
an osteogenic sarcoma phosphatase, MOSB-d1, were, respectively, 8.6, 2.2, and 25 
Martland and Robison units per mg. of dry weight. The activity of the purified 
osteogenic sarcoma phosphatase, MOSB-P, was 125 units per mg. of dry weight, or 
about 2 to 3 times that of the purest preparations of kidney phosphatase obtained 
by Albers and Albers (5). 
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liberated as inorganic phosphate at three time intervals spaced as equally 
apart as possible during the initial portion of the hydrolysis and were ex- 
pressed as micrograms of inorganic phosphorus liberated per cc. of hy- 
drolysis mixture per minute. The time during which these observations 
were made depended upon the activity of the preparation and varied from 
6 to 90 minutes. As previously pointed out (1) this initial portion was 
practically always of zero order. However, in the reactions in the presence 
of cobalt and amino acid at very high pH levels on the alkaline side of the 
optimum, the activity of the enzyme decreased and no strictly zero order 
portion could be obtained; in these latter instances the three readings were 
averaged. The liberated inorganic phosphate was determined by the 
method of Fiske and Subbarow (7) after assurance had been gained that 
the colorimetric readings were not affected by any of these substances at 
the concentrations employed in the experiments. The hydrolyses were 
conducted in a water thermostat regulated to within +0.03°, at 24.80° 
during the spring months and 32.20° during the summer months. In 
those experiments in which the relationship between pH and enzyme 
activity was of interest, the pH was determined electrometrically by 
means of a Beckman pH glass electrode meter standardized with buffers 
of pH 8.0, 9.0, and 10.0. The a-amino acids were of reagent grade and 
were from the following sources: Fisher, Eastman Kodak, and Merck. 
The a-amino acids were made up in solutions adjusted to a pH of about 
9.0, or else the necessary amount of sodium hydroxide was added to take 
into account the buffering capacity of the amino acids. Magnesium was 
used as MgCl,-6H:O (Fisher) and the cobalt as Co(NO3)2-6H,0 (Baker’s 
Analyzed reagent). 
Other techniques are described in connection with specific experiments. 


Results 


Influence of Magnesium on Inhibition of Bone Phosphatase by Amino 
Acids—Table I shows several typical series of experiments on the inhibition 
of the activity of rat bone phosphatase by amino acids in the absence of 
any added magnesium and in the presence of what would ordinarily be an 
optimal concentration of magnesium, 0.0125 m. It may be seen that the 
extent of activation by magnesium decreased as the concentration of 
inhibiting amino acid was increased. Indeed, at the higher concentrations 
of amino acids, magnesium exerted an additional inhibitory effect. 

The magnitude of the activating effect of magnesium with increasing 
concentrations of amino acid also appeared to depend on the extent to which 
the bone phosphatase extract had been dialyzed. Thus rat bone phos- 
phatase, preparation RBR-d2 (not shown in Table I), was dialyzed for 4 
days instead of the usual 2 days and showed, accordingly, a much greater 
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acceleration, 280 per cent, in the presence of 0.0125 m magnesium. At 
concentrations of 0.0625 m and 0.156 m glycine, the activation due to 
magnesium was reduced to 150 and 140 per cent, respectively. When a 
small amount of magnesium was added to the dialyzed preparation so ag 
to yield a final concentration of 0.0000125 m and thus simulate a less com- 
pletely dialyzed preparation, the activation by 0.0125 Mm magnesium was 52 
per cent in the absence of any amino acid and 8 per cent at a concentration 
of 0.156 m glycine. . 





TABLE I 
Activation of Bone Phosphatase by Magnesium at Varying Concentrations of Amino 
Acids 
The conditions of the reaction are as described in the text; temperature, 24.80°, 
Reaction velocity, as P 
Mc oa as inorganic 
phosphate per cc. per min. 
ee Amino acid oe — Activation 
No added | _9-0125 a 
magnesium | Magnesium 
e | Y per cent 
RBP-d None 0.39 | 0.55 41 
0.00625 m glycine 0.41 | 0.56 36 
0.0245 “ “ 0.33 | 0.34 3 
0.0504 “ “* 0.28 0.23 —17 
RBO-d None 0.66 1.00 52 
0.0125 m hydroxyproline 0.70 0.91 44 
0.0375 “ 5: 0.63 0.66 5 
0.125“ = 0.36 0.30 —17 
RBR-d None 0.49 0.64 31 
0.0375 m L-glutamie acid 0.52 0.57 10 
0.0813 “ 3 ee 0.46 0.47 2 
0.125 “ a - 0.40 0.36 —10 


0.250 “ . 0.28 0.11 —6] 


The results which have just been presented would indicate that the 
usual relationship between phosphatase activity and magnesium concen- 
tration did not hold for bone phosphatase at inhibiting concentrations of 
amino acids. This fact is demonstrated more completely in Table II. 
In the absence of any added amino acid, the rat bone phosphatase prepa- 
ration, RBQ-d, shows the well established increase of activity with increase 
of magnesium ion until an optimal concentration of about 0.01 m mag- 
nesium was reached; thereafter, at the higher concentration of 0.125 m 
magnesium, decrease of activity resulted (8, 9). However, at a concen- 
tration of 0.0117 m L-histidine, the highest phosphatase activity was found 
at the minimal concentration of magnesium, 0.00001 m (that due to the 
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content of the dialyzed enzyme preparation), and the activity of the enzyme 
decreased as the concentration of magnesium was increased. Thus, at 
what would ordinarily be an optimal concentration of magnesium, 0.0125 
m, and would yield a maximal activity, the reaction velocity was decreased 
to 42 per cent of the velocity in the absence of any added magnesium. 
Influence of Magnesium on Inhibition of Intestinal Phosphatase by Amino 
Acids—Table III shows several typical series of experiments on the in- 
hibition of rat intestinal phosphatase preparations by amino acids in the 
absence of any added magnesium and in the presence of 0.0125 m mag- 
nesium. In contrast to the effect on bone phosphatase, the extent of the 


TABLE II 
Influence of Magnesium Concentration on Activity of Bone Phosphatase in Absence and 
Presence of u-Histidine 


The conditions of the reaction are as described in the text; temperature, 24.80°. 
The bone phosphatase preparation, RBQ-d, was used. 





Reaction velocity, as P liberated as inorganic phosphate 


Concentration of added magnesum dead ameter 
No amino acid 0.0117 m L-histidine 
M Ss 7 
0.0* | 0.387 0.108 
0.00125 | 0.462 0.093 
0.0125 0.524 0.045 
0.0375 | 0.513 0.034 
0.125 0.438 0.028 





The maximal reaction velocities are printed in bold-faced type. 
*The concentration of magnesium due to the content of dialyzed phosphatase 
preparation was 0.00001 m. 


activating action of magnesium remained constant, within experimental 
variation, as the concentration of amino acid was increased. That the 
usual relationship between magnesium concentration and phosphatase 
activity holds for intestinal phosphatase as well at high concentrations of 
amino acids as in the absence of any added amino acids is shown in 
Table IV. 

Influence of Magnesium on Inhibition of Phosphatases by Cyanide—The 
formation of complexes between heavy or transitional metal ions and amino 
acids has been demonstrated by a number of investigators (10-16). Zér- 
kendérfer (11) submitted evidence for the formation of a complex between 
Magnesium and glycine and, possibly, other amino acids as well. The 
results which we have presented gave rise to two possible explanations; 
namely, either that the inhibition was due to the formation of an undissoci- 
ated compound between amino acid and magnesium, or else that amino 








| 
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acids, by reacting with some metal component of the phosphatase other 
than magnesium, not only decreased the activity of the enzyme but, in the 


TABLE III 


Activation of Intestinal Phosphatase by Magnesium at Varying Concentrations of 
Amino Acids 


The conditions of the reaction are as described in the text; temperature, 24.80°. 








Reaction velocity, as P 
ot as inorganic 
phosphate per cc. per min. 
4 na Son Amino acid ahah Activation 
ater eo | armory 
: i per aap 
RIR-d None 0.25 0.85 240 
0.0125 m u-glutamie acid |. 0987 0.69 300 
| 0.0375 “ . = 0.11 0.45 310 
| 0.075 “ - a 0.07 0.30 330 
0100 ** oa 7 0.065 0:23 250 
0.0031 m L-histidine 0.17 | 0.58 240 
0.0125 “ i 0.063 0.26 310 
RIP-d None 0.20 | 0.36 79 
0.0375 m u-hydroxyproline 0.16 | 0.26 63 
OrrZS: * sg 010 | OAT 70 
TABLE IV 


Influence of Magnesium Concentration on Activity of Intestinal Phosphatase in Absence 
and Presence of u-Histidine 
The conditions of the reaction are as described in the text; temperature, 24.80°. 
Rat intestinal phosphatase, RIP-d, was used. 





Reaction velocity, as P liberated as inorganic phosphate 


Concentration of added magnesium | sapdieer yo nacionanan 


| 
| 











No amino acid | 0.0117 m L-histidine 
M Y Y 
0.00 0.197 | 0.082 
0.00125 0.282 | 0.082 
0.0125 0.360 0.120 
0.0375 0.334 0.122 


0.125 | 0.260 | 0.100 





The maximal reaction velocities are printed in bold-faced type. 


case of bone phosphatase, also affected in some manner the capacity of 
magnesium to activate the phosphatase. The first possibility was con- 
tradicted by the data of Tables II and IV, for, if inhibition were due to the 
removal of magnesium to form an undissociated magnesium-amino acid 
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compound, then an increase in the concentration of magnesium should 
have counteracted the inhibitory effect of the amino acid. This, however, 
was not the case. The second possibility suggested experiments with 
cyanide ion, since cyanide is known to form complexes with heavy or 
transitional metal ions (17) and is also a well established inhibitor of several 
enzymes, particularly those known to contain a metal component (18-22). 

Table V shows that 0.0125 m magnesium increased the activity of bone 
phosphatase when no cyanide was present but decreased it markedly at a 


TABLE V 


Activation of Bone and Intestinal Phosphatase by Magnesium at Varying 
Concentrations of Cyanide 


The conditions of the reaction are as described in the text; temperature, 24.80°. 


Reaction velocity, as P liberated as | 


inorganic phosphate per cc. per min. 
Concentration 8 a E pe 








Preparation of cyanide se Activation 
|  Noadded 0.0125 
magnesium | magnesium 
M |  j Y per cent 
Rat bone phosphatase, 0.0 0.387 0.524 36 
RBQ-d 0.000125 0.320 0.407 27 
0.00125 0.112 0.069 —38 
Rat intestinal phos- 0.0 0.35 0.82 135 
phatase, RIQ-d 0.000125 0.28 0.65 130 
0.000375 0.20 0.42 110 
0.00125 0.0 


| | 





59* | 0.138 135 


* It was difficult to obtain precise optimal velocities in this instance, since it was 
found that the rate increased during the course of hydrolysis at less alkaline pH 
levels. Incubation experiments showed that this was probably due to loss of HCN 
from the reaction mixtures and that this loss was naturally most marked in very 
slow reactions. The value given was based on the earliest point in the course of the 
hydrolysis. 


concentration of 0.00125 m cyanide. This result went hand in hand with 
the finding (Table VI) that, in the presence of cyanide, the highest bone 
phosphatase activity was found at the minimal concentration of mag- 
nesium and that the activity of the enzyme decreased as the concentration 
of magnesium was increased to what, in the absence of cyanide or amino 
acid, would have been an optimal concentration. In contrast, the degree 
of the activating effect of magnesium on intestinal phosphatase was un- 
affected by the presence of cyanide. The concentration of magnesium 
which gave maximal activity of the intestinal phosphatase was the same, 
0.0125 m, in the presence as well as in the absence of cyanide (Table VI). 

Effect of Sodium Azide on Bone and Intestinal Phosphatase Activity— 
Keilin (21, 22) found that sodium azide, like cyanide, strongly inhibited 
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tissue respiration and the activities of cytochrome oxidase, catechol oxidase, 
catalase, peroxidase, and uricase. For example, peroxidase was inhibited 
70 per cent by 0.003 m azide and liver catalase was completely inhib- 
ited by 0.001 m azide. On the other hand, xanthine oxidase which was 


TaBLe VI 
Influence of Magnesium Concentration on Activity of Bone and Intestinal 
Phosphatase in Absence and Presence of Cyanide 
The conditions of the reaction are as described in the text; temperature, 24.80°. 
Rat bone phosphatase, RBQ-d, and rat intestinal phosphatase, RIQ-d, were used. 


Reaction velocity, as P liberated as inorganic phosphate per cc. per min. 


Concentration of | Bone phosphatase, RBQ-d Intestinal phosphatase, RIQ-d 
magnesium | : = Se hindi 
| 
| No cyanide | 0.00125 m cyanide No cyanide 0.00125 m cyanide 
| } . a Se = 
| 
M | sf | i Y 7 
| 
0.00 0.387 0.112 0.353 0.059 
0.00125 | 0.462 0.092 0.64 0.098 
0.0125 0.524 0.069 0.82 0.138 
0.125 0.438 0.72 0.080 


The maximal reaction velocities are printed in bold-faced type. 


TaBLe VII 
Effect of Sodium Azide on Bone and Intestinal Phosphatase Activity 


The conditions of the reaction are as described in the text. The concentration of 
magnesium was 0.0125 m in all hydrolyses. Reactions were run at optimal pH and 
temperature of 32.20°. Rat bone phosphatase, RBR-d3, and rat intestinal phos- 
phatase, RIR-d1, were used. 


Reaction velocity, as P liberated as Takibition of 


5 : inorganic phosphate per cc. per min. 
Concentration of 8 phosp I I 


sodium azide I ‘nal 
ntestin: 
phosphatase 


Intestinal 
phosphatase 


Bone phosphatase Bone phosphatase 


M Y Y per cent per cent 
0.0 1.03 0.92 
0.00125 0.97 0.95 6 —3 
0.0125 0.96 0.88 ‘4 4 
0.125 0.77 0.67 25 27 


inhibited by cyanide was not affected by azide. Table VII shows that the 
inhibitory effect of sodium azide on bone and intestinal phosphatases at 
optimal pH and 0.0125 m magnesium was negligible. 

Effect of Cobalt on Inhibition of Phosphatase Activity by Amino Acids- 
We have already indicated the possibility that amino acids, by reacting 
with a metal component of bone phosphatase other than magnesium, might 
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in some as yet undefined manner decrease the capacity of magnesium to 
activate this enzyme. It was therefore relevant to determine whether the 
activating effect of magnesium on bone phosphatase which had been 
inhibited by amino acids could be restored by supplying this metal com- 
ponent or some presumably similar metal component to the bone phos- 
phatase-substrate system. 

There are no direct data concerning the nature or even the existence of 
the metal component of bone or intestinal phosphatase. Massart and 
Vandendriessche (23), using spectographic techniques, have reported the 
occurrence of zinc, copper, iron, manganese, and magnesium in a purified 
kidney phosphatase preparation made by the method of Albers and Albers 
(5). In view of the lack of direct information concerning the nature of 
the metal component of bone or intestinal phosphatase, it was decided to 
determine whether there was a metal ion which acted as an activator of 
these phosphatases and which could also act to restore the magnesium 
activation of bone phosphatase inhibited by amino acids. Massart and 
Vandendriessche (23), Bamann and Heumiller (24), Roche and van Thoai 
(25), and Cloetens (26) have shown that manganese and cobalt activate 
phosphatase. In the present investigations, it was found that either 
manganese alone or cobalt alone, in the absence of added magnesium or 
amino acids, caused definite activations of bone and intestinal phosphatase 
preparations made as described earlier in this paper. Preliminary series 
of experiments with a bone phosphatase preparation, RBR-d4, and an 
intestinal phosphatase preparation, RIS-d, at varying concentrations of 
cobalt showed that maximal activation occurred at 0.001 to 0.01 m cobalt. 
Aconcentration of 0.00125 m cobalt was used in subsequent experiments. 

Before testing the capacity of cobalt to restore the activating effect 
of magnesium on bone phosphatase inhibited by amino acids, it was neces- 
sary to determine the effect of cobalt alone on phosphatase activity in the 


| presence of various inhibiting concentrations of amino acids. The bearing 


upon our results of Burk’s recent work (14-16) concerning the formation 
of cobalt-amino acid complexes and their reversible oxygenation and 


} reversible oxidation will be discussed later. 





Table VIII shows two typical series of experiments in which, as the 
concentration of amino acid was increased, the extent of activation by 
cobalt was decreased. This decrease was slight in the case of bone phos- 


| phatase and marked for intestinal phosphatase. Other instances of the 


decrease in the activating effect of cobalt as the concentration of amino 
acid was increased will be presented later in conjunction with other data. 
The extent of the activating effect of cobalt at varying concentrations of 
amino acids was determined at optimal pH, in accordance with the tech- 
tique which was outlined earlier in this paper. It was observed that in 
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the action of bone phosphatase in the presence of cobalt and inhibiting 
amino acid there appeared to be a shift from the usual optimal range of 
about 9.0 to 9.5 towards a more alkaline region. The extent of this shift 
was determined more precisely electrometrically. Fig. 1 shows that the 
optimal pH range for the activity of the bone phosphatase preparation, 
RBR-d4, at a concentration of 0.00125 m cobalt was 9.4 to 9.6. In the 
presence of this concentration of cobalt and 0.125 m glycine, the optimal 
pH was shifted to a value of 10.4 to 10.6. The shift when 0.0125 m 1- 
histidine was used was less marked, namely, to about 9.9. No such shift 


TaBLeE VIII 
Activation of Bone and Intestinal Phosphatase by Cobalt at Varying Concentrations of 
Amino Acids 
The reaction conditions are as described in the text; temperature, 32.20°. Rat 
intestinal phosphatase, RIR-d1, and rat bone phosphatase, RBR-d1, were used. 
Reaction velocity, as P 
liberated as inorganic 


phosphate per cc. per min. Activati 
‘ame Amino acid yyy 
No added 0.00125 a — 
> cobalt cobalt 
present 
Y x per cent 
Bone None 0.56 0.68 21 
0.00124 m L-histidine 0.43 0.62 14 
0.0031 ‘ 0.35 0.44 31 
0.0093 “ sa 0.20 0.25 25 
0.0124 “ 0.15 0.16 7 
Intestinal None 0.25 0.83 230 
0.0125 m t-glutamic acid O17 0.36 110 
g 
0.11 0.11 0 


0.0375 “ . ys 


of the pH optimum towards the alkaline side was observed when the ac- 
tivity of intestinal phosphatase was determined in the presence of cobalt 
and amino acids (Fig. 1, B). 

Influence of Conjoint Presence of Cobalt and Magnesium on Inhibition of 
Bone Phosphatase Activity by Amino Acids—It has already been amply 
demonstrated in the course of this work that at inhibiting concentrations 
of amino acids the extent of the activation of bone phosphatase by either 
magnesium or cobalt alone was decreased, particularly so with the former 
metal. Table IX shows that at these concentrations of amino acids the 
extent of activation of bone phosphatase by magnesium and cobalt present 
conjointly was much greater than that by either magnesium or cobalt 
alone and often as great as, or greater than, the extent of activation of 
bone phosphatase when no inhibiting amino acid was present. In other 
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words, cobalt restored, either partially or completely, the activating effect 
of magnesium on bone phosphatase which was inhibited by amino acids, 
and tended to counteract this inhibition. For example, the inhibitions 
produced by 0.0625 m glycine in the absence of any added metal ion, in the 
presence of magnesium alone, and in the presence of cobalt alone were, 





A-BONE PHOSPHATASE, RBR-d4 
0.8 5 


0.6 3 
04 - 


0.2 5 








B-INTESTINAL PHOSPHATASE, RIS-d 


y OF P LIBERATED PER cc. 
oO 











8.0 - 
6.0- I, 
4.07 
2.0- ae 8 
0.0 | l l l 
8.0 9.0 10.0 11.0 
pH 


Fic. 1. The effect of glycine on the pH optimum of cobalt-activated bone and 
intestinal phosphatases. All reaction mixtures contained substrate and buffer as 
described in the text and 0.00125 m cobalt. The experiments of Curves I, and Ig 


contained no glycine; those of Curves IT, and II, contained 0.0625 m glycine. Tem- 
perature 32.20°. 


respectively, 52, 69, and 74 per cent. In the conjoint presence of mag- 
nesium and cobalt, the inhibition by glycine was only 26 per cent. The 
other results of Table IX show the same phenomenon, though to different 
degrees. 

That cobalt can restore the capacity of magnesium to activate bone 
phosphatase inhibited by amino acid after action on the substrate has 
begun is demonstrated in the experiments described below and shown in 
Fig. 2. Two substrate-buffer mixtures were made up so that, after addi- 
tion of 1 cc. of a bone phosphatase, RBR-d4, there would be a final re- 
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action volume of 8 cc. and final concentrations of 0.024 m veronal buffer, 
0.0125 m magnesium, and 0.0625 m glycine. The pH was optimal. 


Samples were taken 30 and 90 minutes after the beginning of the reaction. | 
Within 30 seconds after the second sample had been taken, 0.1 cc. of 1m 
cobalt and, in order to maintain the pH in the optimal range, 0.15 cc. of x 


sodium hydroxide were added to one reaction mixture; 0.25 cc. of distilled 
water was added to the second reaction mixture. Samples were taken 30 
minutes, 60 minutes, and 120 minutes later. It may be seen from Curve 


TABLE IX 


Influence of Conjoint Presence of Cobalt and Magnesium on Inhibition of Bone and 
Intestinal Phosphatase Activity by Amino Acids 


The reaction conditions are as described in the text; temperature, 32.20°. Rat 
intestinal phosphatase, RIR-d1, and rat bone phosphatase, RBR-d2, were used. 


Reaction velocity, as P Whersted | | 


| as inorganic phosphate per cc. | Activation due to 
per min. 
Phosphatase | . . | = 
preparation Amino acid | lo. 0125 mM) Sistas. 
| No. | 0.0125 | 0.00125 | Mg + | spaonc.- Magne- 
| metal | um Mg | m Co | 0.00125 |" P8R°"| Cobalt | SU 
added ‘ence | Present | M Co be a It 
| | | present en } 
P Be ee ‘ 
| ¥ per cent per cent | per cent 
Bone _| None 0.19 | 0.73 | (0. 61 | 0.85 | 280 | 220 | 340 
0.0625 m glycine | O. 092) 0.23 | 0.16 | 0.61 | 150 75 | 560 
0.156 “ “ | 0.042) 0. ay 0.103) 0.32 | 140 140 | 660 


0.125 “ pt-alanine be O80) 0. 24 | 0.14 | 0.58 | 200 60 | 540 








| 
0.0125 “ 1-histidine 062| 0.074 0.103| 0.16 | 19 | 66 | 140 
Intestinal | None fo. 25 1.0.92 | 0.83} 1.01 | 265 230 | 300 
0.156 m glycine | 0.053 : 0.34 | 0.050] 0.24 | 540 | —5 | 350 
0.0375 m t-glutamie — | 0.11 | 0.45 | 0.11 | 0.39 | 310 0 | 260 
acid 


II, of Fig. 2 that the addition of cobalt led to an immediate increase in the 4, 


reaction velocity which was much higher than that in the corresponding | y, 
control hydrolysis containing only magnesium as the metal (Curve I,). ad 


A second pair of substrate-buffer mixtures was made up to contain | . 

. . . ‘ u 

cobalt and glycine. The extent of reaction was determined at 30 and 90 ad 
minutes. Immediately after the latter time, magnesium, to yield a final 


concentration of 0.0125-m, was added to the first reaction mixture while a 

corresponding volume of water was added to the second which served asa | Ta 
control. Curves Ip and II, in Fig. 2 show that the same phenomenon, _agj 
namely a marked increase in the reaction velocity, occurred upon the | wa 
addition of magnesium. In other words, the conjoint presence of cobalt | to, 
and magnesium was necessary in counteracting the inhibition of bone ph, 
phosphatase by glycine. wel 
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Influence of Conjoint Presence of Cobalt and Magnesium on Inhibition of 
Intestinal Phosphatase Activity by Amino Acids—It has been shown that 
at inhibiting concentrations of amino acids the extent of activation of in- 
testinal phosphatase by magnesium was the same as in the absence of 
amino acids, whereas the extent of activation by cobalt was reduced. 
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Fic. 2. The necessity for the conjoint presence of cobalt and magnesium in 
counteracting the inhibition of bone phosphatase by glycine. Curve I, represents 
the course of the reaction of rat bone phosphatase, RBR-d4, in the presence of 0.0125 
M magnesium and 0.0625 m glycine; Curve II, is the same until 0.00125 m cobalt is 
added at 90 minutes (designated by arrow), whereupon there occurs an immediate 
increase in reaction rate as shown by the remaining, dashed portion of the curve. 
Curves Ip and II, show, similarly, the increase in reaction rate resulting upon the 
addition of 0.0125 m magnesium to a reaction mixture containing 0.00125 m cobalt 
and 0.0625 m glycine. Temperature, 32.20°. 


Table IX shows that in the presence of inhibiting concentrations of amino 
acids the degree of activation by a combination of cobalt and magnesium 
was greater than that due to cobalt alone but about the same as that due 
tomagnesium alone. In other words, magnesium activated intestinal phos- 
phatase to about the same extent whether amino acid or cobalt or both 
Were present or absent. In contrast to the effect on bone phosphatase, 
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cobalt did not affect the activating capacity of magnesium on intestinal 
phosphatase in the presence of inhibiting concentrations of amino acid. 
Effect of Cyanide and Azide on Activation of Phosphatase by Cobalt—The 
observations that bone and intestinal phosphatases are inhibited very 
markedly by cyanide but are affected negligibly by azide gave rise to the 
possibility that cyanide forms a very slightly dissociated and azide a more 
dissociable complex with the metal component of the enzyme. It was of 
interest in this connection to see the extent to which cyanide and azide 
could counteract the activating effect of cobalt on phosphatase. Table X 
shows that in the presence of 0.00125 m cobalt 0.0125 m eyanide decreased 
the reaction velocity to a value below that obtained without cobalt or 


TABLE X 
Effect of Cyanide and Azide on Activation of Phosphatase by Cobalt 
The conditions of the reaction are as described in the text; temperature, 32.20°. 
Bone phosphatase, RBR-d4, and intestinal phosphatase, RIS-d, were used. 


Reaction velocity, as P liberated as inorganic phosphate 
per cc. per min. 











Inhibitor In bone phosphatase In intestinal phosphatase 
Without With 0.00125 u Without With 0.00125 u 
cobalt cobalt cobalt cobalt 
x fs i 7 
ES oe en sre nsiera bckan o 0-5 0.31 0.65 3.75 7.19 
0.0125 m sodium azide......... . 0.66 .57 7.03 
0.0125 “ cyanide:.....3...65006: 0.01 0.18 0.00 0.33 


inhibition by this concentration of azide was negligible (Table VII). 


cyanide. In contrast, azide did not inhibit bone phosphatase either in 
the absence of cobalt or in the presence of 0.00125 m cobalt. Similar 
results were obtained when intestinal phosphatase, RIS-d, was used. 
These results show a parallelism between cobalt and the metal component 
of the enzyme in that both combine with cyanide to such an extent that 
phosphatase activity is greatly inhibited, whereas the extent of combi- 
nation with azide is insufficient to affect the activity. 

Inhibition of Human Osteogenic Sarcoma Phosphatase by Amino Acids— 
It has been shown that an enzyme, originally characterized by its action on 
a particular substrate at a certain optimal pH and considered on the basis 
of such characterization to be identical in its properties regardless of the 
tissue in which it is found, may subsequently be proved to possess different 
inhibition characteristics which vary with the tissue source (1, 2, 27-29). 
Since human osteogenic sarcoma phosphatase represents an instance of 
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rapid and excessive formation of an enzyme in a malignant process, it was 
of interest to compare the amino acid inhibition characteristics of this 
phosphatase with those of normal rat bone phosphatase. It was recog- 
nized that any differences which might be elicited would also have to be 
evaluated in terms of the species source. 

Table XI summarizes the data previously reported for the inhibition of 
rat bone and intestinal phosphatases by amino acids and also includes new 
data on the inhibition by L-arginine. It was previously shown (1) that, 


TasBLe XI 
Comparison of Inhibition of Rat Intestinal, Rat Bone, and Human Osteogenic Sarcoma 
Phosphatases by Amino Acids 
The values in the second and third columns, with the exception of those for 
L-arginine, are from an earlier paper (1). 


Concentration of amino acid required for 50 per cent 
inhibition of 


Amino acid ene EET o= = 


. "y | | Human osteogenic 
‘phosphatase | phosphatase | ,SAFComa 
M M M 
ER eee ee ee oe eee 2 0.055 0.040 | 0.035 
Ree 0.138 0.096 0.102 
IONNG NONE... 2 sea Ses ee es 0.030 0.105 0.117 
PMNS 2 orbs adv ote ome ae 0.128 0.010 0.010 


NTR EG 3.8: icici xceeies beac es ee 0.006 0.003 0.002 


Several rat bone and intestinal phosphatases, two different sarcoma preparations, 
MOSA-d1 and MOSB-d1, and the purified preparation, MOSB-P, were used in the 
above experiments. The concentration of magnesium was 0.0125 m in all experi- 
ments. 


whereas there was no significant difference between the bone and intestinal 
phosphatases with respect to inhibition by glycine or pt-alanine, the 
inhibition of bone phosphatase by basic amino acids was greater than that 
by the acidic acid, t-glutamic acid, and the inhibition of intestinal phos- 
phatase by L-glutamic acid greater than that by the basic amino acids. 
Table XT shows that the extent of inhibition of human osteogenic sarcoma 
phosphatase by the various amino acids appears, within experimental 
variation, to be the same as that of normal rat bone phosphatase. 
Influence of Magnesium on Inhibition of Human Osteogenic Sarcoma 
Phosphatase by Amino Acids and by Cyanide—Table XII shows that the 
extent of activation of human osteogenic sarcoma phosphatase by mag- 
hesium is decreased in the presence of an inhibiting concentration of amino 
acid or cyanide and indeed that the presence of magnesium causes an 
additional depressant effect. Similar results were obtained with the puri- 
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fied preparation, MOSB-P. In this respect, therefore, human osteogenic 

















sarcoma also resembles normal rat bone phosphatase. Zz 
Influence of Conjoint Presence of Cobalt and Magnesium on Inhibition of |) 
Human Osteogenic Sarcoma Phosphatase by Amino Acids—Table XII] 
t 
TaBLeE XII 
‘ oe ib | 
Influence of Magnesium on Inhibition of Human Osteogenic Sarcoma Phosphatase by : 
Amino Acids and by Cyanide 
i bane P . ° ¢ 
The conditions of the reaction are as described in the text; temperature, 32,20°, 
| Reaction velocity, as P 
liberated as inorganic 
| phosphate per cc. 
Phosphatase preparation Inhibitor en Activation 
| No added 0.0125 a 
magnesium pe or 
: 4 Y per cent 
Human osteogenic | None 9.95 15.6 59 
sarcoma, MOSB-d1 0.00125 m cyanide 5.50 3.66 —33 
0.0125 “ L-histidine 4.94 2.51 —49 
Purified human osteo- None 2.02 3.76 86 } 
i genic sureoma, 0.00125 Mm evyanide 0.90 0.68 —24 
MOSB-P 0.0125 “ L-histidine 0.64 0.44 —31 | 
i 0.50 M L-aspartie acid 0.51 0.46 —10 
) ; 
TaBLE XIII a 
Influence of Magnesium, of Cobalt, and of Magnesium and Cobalt Present Conjointly 
Jointly Ip 
on Inhibition of Human Osteogenic Sarcoma Phosphatase by Amino Acids 
Pp M 
The conditions of the reaction are as described in the text; temperature, 32.20°. / an 
Human osteogenic sarcoma phosphatase, MOSB-d2, was used. | is 
Reaction velocity, as P liberated as | Netivation dukes bal 
inorganic phosphate per cc. per min. See ee eee a 
a a ee siu 
Amino acid < 0.0125 mu 
No seen = bea m | magnesium,| y¢,_ | Magne- 
2 agne- Magne- +3 sium 
metal cobalt 0.00125 m . Cobalt d a 
added shee present cobalt — . n 
. present esent cobalt } ‘ 
pres tal 
Y y y ¥ per cent per cent | per cent 
| | | | an 
j ee Oe eee [ee ye 733 6.90 29 | 31 25 | col 
; 0.125 uz glycine............ 1.84 | 1.18 | 2.33 | 3.40 —36 | 27 6 | Say 
0.0125 w u-histidine........ 1.40 0.88 | 1.55 | 1.83 | -37 | 1 ae 
| | We 
i] shows that cobalt and magnesium, either alone or present together, acti | Sui 


vate human osteogenic sarcoma phosphatase. In the presence of inhibiting | [f, 
concentrations of glycine or t-histidine, the activating effect of cobalt fins 
alone was decreased slightly, and, as will be recalled from Table XII, the | nj 


activating effect of magnesium was markedly decreased and even reversed. | gre 
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However, when cobalt and magnesium were present conjointly at these 
concentrations of amino acids, the activating effect of magnesium was 
restored. 

Fig. 3 demonstrates that cobalt can restore the capacity of magnesium 
to activate osteogenic sarcoma phosphatase inhibited by amino acid, even 
after action on the substrate has begun. The experiments were conducted 
in essentially the same manner as those listed in Fig. 2. The first mixture 
contained cobalt and glycine to yield final concentrations of 0.00125 

















5 500 
o OSTEOGENIC SARCOMA PHOSPHATASE 
x WV, 
Wi 400+ 
oe oI 
~ 3004 gine ° 
a 
xc 
uJ 
ae) 200 - I 8 
= I 
ao. 8 
u 100; 
ro) 
~ 

fe) l L i 








SO 100 !I5O 200 250 300 
TIME-MINUTES 


Fie. 3. The necessity for the conjoint presence of cobalt and magnesium in 
counteracting the inhibition of osteogenic sarcoma phosphatase by glycine. Curve 
Iprepresents the course of the reaction in the presence of 0.00125 m cobalt and 0.0625 
uw glycine; Curve Il, is the course in the presence of 0.00125 m magnesium 
and 0.0625 m glycine. Curve II], is the same as Curve II, until 0.00125 m cobalt 
is added at 30 minutes, as shown by the arrow; the rest of Curve IIIs, 
shows a marked increase in the reaction velocity after the addition of co- 
balt. Curve IVs represents the course in the presence of both cobalt and magne- 
sium but in the absence of glycine. Temperature, 32.20°. 


and 0.0625 mM, respectively. The second and third reaction mixtures con- 
tained magnesium and glycine to yield final concentrations of 0.0125 m 
and 0.0625 M, respectively, and the fourth reaction mixture contained 
cobalt and magnesium in the corresponding concentrations, but no glycine. 
Samples were taken 30 minutes after the beginning of the reaction. Cobalt 
and, to maintain optimal pH under the new conditions, sodium hydroxide 
were added to the third reaction mixture immediately after sampling. 
Suitable adjustments for volume were made in the other reaction mixtures. 
It may be seen from Fig. 3 that, following the introduction of cobalt in a 
final concentration of 0.00125 m into the third reaction mixture, there was 
al immediate increase in the reaction velocity. This velocity became much 
greater than in the first control mixture which contained only magnesium 
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in addition to the glycine or in the second control mixture which contained 
only cobalt in addition to the amino acid. Indeed the introduction of 
cobalt into the third reaction mixture, in conjunction with the magnesium 
already present, so increased the reaction velocity of the glycine-inhibited 
phosphatase that it approached the velocity in the fourth reaction mixture 
which contained cobalt and magnesium in corresponding concentrations, 
but no glycine. 

Effect of Sodium Azide on Human Osteogenic Sarcoma Phosphatase— 
Sodium azide was found to exert a negligible inhibitory effect on human 
osteogenic sarcoma phosphatase, preparation MOSB-d1, either in the 
absence or presence of magnesium. Thus, at concentrations of 0, 0.0025 
M, 0.025 m, and 0.250 m sodium azide, the reaction velocities were respec- 
tively 15.6, 16.5, 17.1, 12.1 y of P per ce. per minute when 0.0125 m mag- 
nesium was present, and 9.8, 12.6, 12.2, 9.1 y of P per cc. per minute in 
the absence of magnesium. 

Influence of Cobalt on pH Optimum of Human Osteogenic Sarcoma Phos- 
phatase in Presence of Amino Acids—It was found that, when cobalt or 
cobalt and magnesium were present, the pH optimum of the osteogenic 
sarcoma phosphatase, MOSB-d2, inhibited by glycine was shifted towards 
the alkaline side to a value of about 10.5. Magnesium alone did not cause 
such a shift in the pH optimum of the amino acid-inhibited phosphatase. 
In the absence of inhibiting amino acids, the pH optimum was, as usual, 
between 9.0 and 9.5, whether magnesium or cobalt or a combination of 
these metals was present. In these respects, therefore, human osteogenic 
sarcoma phosphatase also resembled normal rat bone phosphatase. 


DISCUSSION 


In the present study it has been shown that in the conjoint presence of 
cobalt and magnesium, achieved either before or after the beginning of the 
reaction, the degree of activation of bone or osteogenic sarcoma phos- 
phatase which had been inhibited by amino acid was much greater than 
with either cobalt or magnesium alone and counteracted, to varying degrees, 
this inhibition. In contrast, the degree of activation of amino acid- 
inhibited intestinal phosphatase was about the same in the conjoint pres- 
ence of cobalt and magnesium as in the presence of magnesium alone. 
The formulation consistent with these findings is that bone phosphatase 
requires the combined presence of magnesium and at least one other heavy 
or transitional metal ion for activity, that coordinative combination of this 
second metal with cyanide or amino acid results in decreased enzyme 
activity and failure of activation by magnesium, that activation of bone 
phosphatase by magnesium is mediated through a transitional or heavy 
metal ion, and that restoration of the activity which has been inhibited 
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by amino acid may be brought about by the addition to the substrate- 
enzyme system of a transitional metal, cobalt, which is presumably similar 
to, if not the same as, the metal component of the enzyme. In contrast, 
although the intestinal phosphatase also contains a metal component 
essential for its activity, activation by magnesium is independent of whether 
this metal is combined with amino acid; in other words, activation of 
intestinal phosphatase by magnesium is not mediated through this metal 
component. 

The way in which cobalt may restore the activation by magnesium 
requires further consideration. Burk and his coworkers (14-16) have 
recently shown that cobalt reacts with histidine and other amino acids to 
form cobaltous-amino acid complexes which interact reversibly with oxygen 
gas to form oxygenated compounds and are then transformed into irrevers- 
ible oxidation compounds. There are several lines of evidence to show that, 
under the conditions of our experiments, the extent of the irreversible 
oxidation of amino acids by cobalt is so small as to play only a negligible 
rdle in counteracting the inhibitory effect. If degradation of amino acids 
occurred to any appreciable extent, then the rate of hydrolysis in a re- 
action mixture containing cobalt and amino acid should be accelerating 
constantly. As may be seen from Figs. 2 and 3, this is not the case. 
Secondly, the time-action curve is essentially of the same form whether 
magnesium or cobalt is present together with the amino acid. Finally 
and most directly, Burk? has estimated that a relatively small amount of 
oxygenation products would be formed in a reaction mixture containing 
0.06 to 0.12 m glycine and 0.001 m cobalt during 30 to 60 minutes at 30° 
and a pH level of 10 to 11. 

Nor does it seem likely that the action of cobalt in mediating the acti- 
vation by magnesium of amino acid-inhibited bone or osteogenic sarcoma 
phosphatases is due merely to the removal of the amino acid from the 
feld of reaction through the formation of a reversible cobaltous-amino 
acid complex. For such an assumption would not explain the immediate 
and marked acceleration in velocity which resulted when magnesium was 
added 90 minutes after the beginning of a reaction in which cobalt and 
glycine had been present from the start. 

Our findings are more in accord with the formulation that cobalt either 
teplaces the essential enzyme metal component which has been bound by 
the amino acid, or that it displaces this metal component from its combi- 
nation with the amino acid, and that cobalt or this essential metal, as part 
of the enzyme, then mediates the activation by magnesium. It may be 
readily appreciated that the extent to which cobalt, acting conjointly with 
Magnesium, can restore the activity of bone or osteogenic phosphatase 


*Burk, D., personal communication. 











100 AMINO ACID INHIBITION OF PHOSPHATASE 


which has been inhibited by a particular amino acid would depend upon 
the relative magnitudes of the dissociation constants of the essential metal- 
enzyme linkage, the essential metal-amino acid complex, the cobalt-enzyme 
complex, the reversible cobaltous-amino acid complex, the reversible 
oxygenated cobaltous-amino acid complex, and the velocity constants for 
the formation of the various phases of the irreversible oxidation reactions. 

Although the above formulations appear well supported by our data, it 
is necessary to discuss briefly, if only to dismiss, another possible explana- 
tion for the failure of magnesium to activate bone or osteogenic tumor 
phosphatases at high concentrations of cyanide or amino acid. It may be 
assumed that a preparation of bone or of osteogenic sarcoma phosphatase 
is a mixture of two enzyme components, one of which is inhibited by cya- 
nide or amino acid and is activatable by magnesium, while the other com- 
ponent is not inhibited by cyanide or amino acid and is not activated by 
magnesium.? However, a more purified preparation of osteogenic sar- 
coma phosphatase, MOSB-P, behaved in the same manner as the rat bone 
preparations with regard to inhibition by amino acids and cyanide. The 
assumption of the existence of two phosphatase components was also con- 
tradicted by the findings that a sufficiently high concentration of histi- 
dine (0.125 m) or of cyanide (0.0125 m) inhibited practically completely 
(96 to 99 per cent) the activity of bone phosphatase both in the presence 
and absence of magnesium. 


SUMMARY 


1. The degree of activation of bone phosphatase by magnesium was de- 
creased and indeed in some instances transformed into a retardant effect 
at inhibiting concentrations of amino acid or cyanide, whereas the degree 
of activation of intestinal phosphatase was unaffected. The extent of ac- 
tivation of bone phosphatase by cobalt was decreased slightly and that of 
intestinal phosphatase markedly as the concentration of amino acid was in- 
creased. 

2. In the conjoint presence of cobalt and magnesium, the degree of ac- 
tivation of bone phosphatase which had been inhibited by amino acids was 
much greater than with either cobalt or magnesium alone and tended to 
counteract the inhibition by amino acids. The addition of cobalt to a re- 
action mixture in which bone phosphatase was hydrolyzing sodium 6- 


3 This assumption is quite different from that made by Cloetens (30) in his classi 
fication of alkaline phosphatases. According to this author phosphatase I, found 
in considerable proportions in the liver, is accelerated 50 to 100 times by an optimal 
cOycentration of magnesium and is not inhibited by cyanide in the presence of mag- 
nefium. Phosphatase II, present in relatively large amounts in the bone and in- 
t¢stine, is accelerated only slightly by magnesium and inhibited considerably by 
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mn glycerophosphate in the presence of magnesium and inhibiting amino acid, 
ul. or the addition of magnesium to a reaction mixture containing cobalt and 
ne inhibiting amino acid, led to an immediate acceleration in the rate of re- 
ile action. 

‘or 3. The degree of activation of intestinal phosphatase which had been in- 
3. hibited by amino acid was the same in the conjoint presence of cobalt and 
it magnesium as in the presence of magnesium alone. 

1a- 4. Sodium azide had a negligible inhibitory effect on the activity of bone 
10r and intestinal phosphatases and, in contrast to cyanide, did not counter- 
be act the activation due to cobalt. 

ase 5. In the presence of cobalt, an inhibitory concentration of amino acid 
ya- led to a shift in the optimal pH zone for bone phosphatase, but not for in- 
ym. testinal phosphatase, towards the alkaline side. 

by 6. Human osteogenic sarcoma phosphatase resembled normal rat bone 
Sar- phosphatase with respect to (a) the extent of inhibition by various amino 
one acids, (b) the decrease of activating effect of magnesium or even its re- 


The versal in the presence of inhibiting concentrations of amino acids or cya- 
con- —_—nide, (c) the shift of the pH optimum to the alkaline side in the presence of 
Ist- cobalt and amino acid, (d) the necessity for the conjoint presence of cobalt 


tely and magnesium in counteracting inhibition by amino acids. 

ence 7. The above findings were interpreted to indicate that amino acids 
inhibit bone, intestinal, and osteogenic sarcoma phosphatases by combi- 
nation with an essential heavy or transitional metal component of these 
enzymes and that this component mediates the activation of bone and 

s de- osteogenic sarcoma phosphatases, but not of intestinal phosphatase, by 

ofiect | magnesium. 
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THE METABOLISM OF ARTERIAL TISSUE 


I. RESPIRATION OF RAT THORACIC AORTA* 
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(From the Division of Physiology, University of California Medical School, 
Berkeley) 

(Received for publication, December 17, 1948) 


Although aging is not without some influence upon many tissues, the 
degenerative changes that occur in the artery with advancing years are 
unique in their import. The characteristic lesion found in large arteries, 
such as the aorta of man, is the atheroma which begins as a lipide plaque, 
confined at first to the intima but later extending to the deeper layers of 
this structure. An explanation as to why the artery lends itself to this 
peculiar type of degeneration has not as yet been forthcoming. A study of 
the metabolic characteristics of arterial tissues was, therefore, undertaken. 
The present report deals with the respiration of the aorta of rats of two 
age groups, namely | to 2 months and 14 to 18 months. The response of 


this tissue to induced hyperthyroidism and hypothyroidism has also been 
investigated. 


EXPERIMENTAL 


Rats of the Long-Evans strain were sacrificed by fracture of their cer- 
vical vertebrae. The thoracic aorta and a portion of the main lobe of the 
liver were rapidly removed and placed in an oxygenated Ringer-phosphate 
solution buffered to pH 7.4 (1). The artery was freed of adherent fat and 
connective tissue and then cut along its longitudinal axis so as to provide 
a thin sheet of tissue. Liver slices were prepared free-hand with a thin 
razor blade. The tissues were blotted on moist filter paper, weighed, and 
transferred to Warburg flasks containing 3 cc. of the Ringer-phosphate so- 
lution. Oxygen consumption was determined by the direct method of 
Warburg (2). The flasks were placed in the constant temperature bath 
maintained at 38° and the flask flushed with oxygen for 3 to 5 minutes. 
15 minutes were allowed for temperature equilibration. Manometer read- 
ings were made at 15 minute intervals. 

The amount of fresh artery employed in each determination of O2 con- 
sumption was about 100 mg., although amounts as low as 75 mg. and as 
high as 150 mg. were sometimes used. The whole thoracic aorta of an 


* Aided by grants from the United States Public Health Service and the Life In- 
surance Medical Research Fund. 
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adult rat provided sufficient material for a single determination. Since 
the thoracic aorta of the 1 to 2 month-old rat weighed less than 50 mg., it 
was necessary to pool the aortas of two or three such rats for a single de- 
termination. 

The O, consumption of the arteries was related to their nitrogen content 
as well as to their initial dry weights. Nitrogen was determined on the 
entire contents of the Warburg flasks at the end of the period of respiration, 
The dry weight (initial) to nitrogen ratios were determined for forty 
samples of fresh artery and found to be 7.49 + 0.52 (standard deviation 
for both age groups and this value was used in the calculation of Qo,, i.e. 
c.mm. of O2 consumed per hour per mg. of dry tissue in an atmosphere of 


TABLE I 
Oxygen Consumption of Vascular Tissues of Rat 
Ringer-phosphate buffer containing 0.2 per cent glucose; pH 7.4; Oz as gas phase; 
temperature 38°. 


Experiment No.* | Tissue Qo, W)t 
—— ay — ee : 

1 | Thoracic aorta 8.1 

| Abdominal aorta 6.2 

Inferior vena cava 5.3 

2 Thoracic aorta 8.3 
Abdominal aorta 7.8 

Inferior vena cava 5.1 


* The vascular tissues in each experiment were obtained from a single rat 14 
months of age, weighing 400 gm. 

+t Oxygen consumption in c.mm. of the tissue in pure oxygen atmosphere per hour 
per mg. of tissue nitrogen (2). 


oxygen. The thickness of the arterial sheet did not appear to be a limit- 
ing factor in its oxygen uptake. 


Results 


The oxygen consumption of two portions of the aorta (thoracic and ab- 


dominal) and of the inferior vena cava is recorded in Table I. The tissues. 


obtained from a single rat were compared in each experiment. 

The values for the Q6? (N)! of thoracic aorta were 8.1 in Experiment ! 
and 8.3 in Experiment 2. The values for the abdominal aorta were only 
slightly lower (6.2 and 7.8, respectively). It should not be inferred, how- 
ever, that a significant difference exists in the respiratory rates of these two 


r ° O02 ;x~r ° ° ? A 
1 The expression Qo, (N) has been employed to indicate the c.mm. of O2 consumed 
per hour per mg. of tissue nitrogen in an atmosphere of oxygen (2 
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portions of the aorta, because the presence of numerous bifurcations in the 
abdominal portion made it difficult to excise and free it of all extraneous 
tissue. 

The Qo? (N) of the inferior vena cava was lower than that of either por- 
tion of the aorta. This finding is consistent with the histological differ- 
ences that exist between these two types of vascular tissue. Arteries, 
because of their relatively thick muscular walls, might be expected to 
possess a higher metabolic rate than veins whose walls consist largely of 
fibrous tissue. | 

In all experiments recorded below the thoracic portion of the aorta was 
used because of the ease with which it can be removed and freed of adher- 
ent fat and connective tissue. 


TABLE II 


Cow parison of the Orygen Consumption of Arterial and Hepatic Tissues of Rats 1 to 2 
Months and 14 to 18 Months Old 
Ringer-phosphate buffer containing 0.2 per cent glucose; pH 7.4; Os» as gas phase; 
temperature 38°. 


Thoracic aorta Liver 
Age of rat. 1-2 mos. 14-18 mos. 1-2 mos. 14-18 mos. 
No. of determinations.............. 17 24 10 16 
Average Qo.*... .| 1.06 + 0.14f| 1.09 + 0.19 9.7 + 0.74 8.4 + 1.66 
Qo? (N). | 7.8 + 1.08] 8.2 + 1.43] 53.4 + 4.6 | 47.1 4+ 9.3 


* Based on the initial dry weight. 
+ Standard deviation. 


The Qo, values for the thoracic aortas of young rats did not differ signifi- 
cantly from those of rats 14 to 18 months old (Table IT). 

In Fig. 1, the rate of respiration of the artery in a Ringer-phosphate 
buffer is shown to remain constant for periods as long as 3 hours. This 
was true for rats of both age groups (1 to 2 months and 14 to 18 months 
old) when respiration measurements were made on sheets of arterial tis- 
sue. A constancy in the oxygen uptake of tissue slices for such long periods 
has been interpreted to indicate that the cell structure remains intact under 
the conditions studied and that no loss by diffusion or destruction of es- 
sential cell elements has occurred (3). This is borne out by the finding 
that destruction of the cellular organization of the artery by homogeniza- 
tion markedly reduced its oxygen uptake (Fig. 1). 

Effect of Hyperthyroidism and Hypothyroidism on Respiration of Rat 
Aorta—The relation of thyroid activity to the respiratory rate of the rat 
aorta is shown in Table III. Hyperthyroidism was induced in rats by 
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Fic. 1. Respiration of sheets of thoracic aorta and homogenate. Oxygen uptake 
in c.mm. per 100 mg. of initial weight of tissue. 
TABLE III 


Respiration of Arteries and Livers of Rats Fed Thyroid and Propylthiouracil 


Ringer-phosphate buffer containing 0.2 per cent glucose; pH 7.4; O» as gas phase; 
temperature 38°. 


* Rats, 1-2 mos., 50-150 gm. Rats, 14-18 mos., 350-45\ 
Diet 
Artery Liver Artery Liver 
Normal Qo.:* 1.06 + 0.14¢ 9.7 + 0.74 1.09 + 0.19) 8.4 + 1.66 
Determina-!17 10 24 16 
tions 
Fed 0.2% | Qo: 1.32 + 0.22 12.7 + 1.12 | 1.48 + 0.28)10.3 + 1.17 
thyroid 10 | Determina-)|16 l 24 14 
days tions | 
% increase |25 31 38 23 
Fed 0.2% Qo | 0.86 + 0.19 | 7.0 + 1.13 | 0.79 + 0.15) 6.2 + 1.27 
propy]thi- Determina-|22 16 17 21 
ouracil 30 tions | 
days % decrease j19 28 27 27 


* Based on the initial dry weight. 

+ Standard deviation. 
feeding them for 10 days the stock diet? to which had been added 0.2 per 
cent desiccated thyroid. It is now well established that goitrogenic sub- 


2 The stock diet consisted of whole wheat 35 per cent, casein 36 per cent, whole milk 
powder 8 per cent, alfalfa meal 5 per cent, fish meal 5 per cent, lard 2.5 per cent, fish 
oil 2.5 per cent, and salt 6 per cent. 
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stances depress the metabolism of rats by interfering with the formation 
of thyroxine (4). The feeding of a goitrogen was therefore employed to 
induce hypothyroidism. Rats were fed, for 30 days, the stock diet to which 
had been added 0.2 per cent propylthiouracil. 

Rat aorta resembles tissues like liver and kidney in its response to thy- 
roid stimulation (5-7) and to depressed thyroid activity (8). The Qo, 
values for aortas excised from rats fed the desiccated thyroid were 25 to 
38 per cent higher than those obtained from normal rats and these in- 
creases were about the same as those observed for liver slices (Table ITI). 

The extent to which the feeding of propylthiouracil reduced the Qo, 


values in both groups of rats (young and mature) was quite similar for 
artery and liver (Table ITI). 


TaBLe IV 
Effect of Oxidizable Substances on O2 Uptake in Arterial Tissue 
Ringer-phosphate buffer; pH 7.4; O2 as gas phase; temperature 38°. The sub- 
stances were added after a 1 hour control period. The figures express comparative 
rates when the O2 uptake of tissue alone is taken as 100. An amount of a substrate 
was added to yield a concentration of 0.02 Min the bath. All values recorded below 
are the averages of three to five closely agreeing results. 








Substrates Rats 1-2 mos. of age | Rats 14-18 mos. of age 
UMPRTER UG 2 5 h.5-82 <5, Od eee eee ee 244 215 
Lactate. .... Peat ee re ee oes 144 132 
DIS ece5s aston rd nw aentcks bythe cs eee NR 135 124 
a-Ketoglutarate................. ere ee 129 128 
5 Sop'sng ckin Can ocala 127 127 
Ee ee re eS Pe 126 116 
ee aires a en 119 113 
ee er re ee 99 98 
RIG 550s SS Sa wdee tae 95 95 
Ms coe tah dy eta swede eee ieee ba 92 100 


Effects of Oxidizable Substances on Oxygen Consumption of Rat Aorta— 
Since the respiration of rat aorta remains constant for periods as long as 
3 hours (Fig. 1), the substances to be tested were added to the medium after 
41 hour control measurement had been made. The control rate of respira- 
tion of each sample was determined during the Ist hour, and at the end of 
this period the substance to be tested was added to the medium from the 
side arm of the Warburg flask, and the respiratory measurements continued 
fora 2nd hour. In Table IV, the Qo, values for initial control periods are 
compared with those observed after the addition of various substrates. 

0.2 m solutions of each of the substrates tested (Table IV) were prepared 
and adjusted to pH 7.4. 0.3 ce. of a solution was placed in the side arm 
and 2.7 cc. of Ringer-phosphate buffer were pipetted into the main com- 











108 METABOLISM OF ARTERIAL TISSUE. I 


partment of the Warburg flask. Thus, after tilting the manometer so as 
to transfer the contents of the side arm to the main compartment, the final 
concentration of the substrate in the medium was 0.02 m. 

Arterial tissue oxidized succinate at a rate higher than that of any of the 
other substrates examined; the increase in O2 consumption was about equal 
to that produced by succinate on kidney and adipose tissue (9). 

Lactate, pyruvate, and acetate also stimulated oxygen consumption of 
arterial tissue. The presence of these substrates increased the Qo, of tho- 
racic aorta by 20 to 40 per cent and, in this respect, the thoracic aorta again 
resembles a tissue like kidney (10). Evidence for the utilization of acetate 
by rat thoracic aorta is presented in Paper IT (11). 

a-Ketoglutarate and citrate* produced a 30 per cent increase in the rate 
of respiration of arterial tissue; the addition of glutamate increased the 
Qo, to the extent of 15 per cent. 


TABLE V 

Effect of Inhibitors on O2 Uptake in Arterial Tissue 
Ringer-phosphate buffer; pH 7.4; O2 as gas phase; temperature 38°. The sub- 
stances were added after a 1 hour control period. The figures express comparative 
rates when the O, uptake of tissue alone is taken as 100. All substances were added 
to give a 0.02 m concentration in the tissue bath. All values recorded below are the 
averages of three to five closely agreeing results. 


Inhibitor | Rats 1-2 mos. of age | Rats 14-18 mos. of age 
on oh RE in Soe ged 93 88 
ES ee Sane ERR r anes rial 65 56 
PIN ove Soe kitchen Renae Wlkik Ones ke 54 52 
ne ee or eee | 32 34 


The addition of glucose or glycine or alanine failed to increase the oxygen 
uptake of the rat aorta. This does not imply that these substances are 
not utilized. Barron has shown that, despite the failure of certain sub- 
strates to increase the respiratory rate, they may nevertheless be utilized 
at appreciable rates (12). 

Effects of Inhibitors on Respiration of Arterial Tissue—The enzyme in- 
hibitors, malonate, fluoride, azide, and iodoacetate, were added to the 
Ringer-phosphate medium after a control measurement (1 hour) had been 
made as described in the preceding section. The concentration of an in- 
hibitor in the medium was 0.02 m. The results are recorded in Table V. 

The most pronounced inhibition of respiration was found in the presence 
of iodoacetate. Azide and fluoride depressed the respiration of rat tho- 


3 The effect of citrate was determined in a calcium-free medium. The absence of 
calcium did not change the Qo, of the artery. 
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racic aorta by 30 to 50 per cent. Differences in the action of these in- 
hibitors upon the respiration of the arteries of young and old animals 
were not observed. 

0.02 m malonate failed to produce a marked inhibition in the oxygen 
consumption of arterial tissue. Seven experiments (four on young rats 
and three on mature rats) were performed to test the action of this sub- 
stance. In two experiments, no decrease in respiration was observed, and 
in no case was the respiration depressed by more than 13 per cent. The 
malonate employed in this study was also tested on liver slices; in the pres- 
ence of 0.02 mM malonate, the oxygen consumption of this tissue was de- 
creased 45 per cent. 

The failure of malonate to inhibit respiration of rat thoracic aorta is 
somewhat surprising because of the pronounced stimulation in oxidative 


TaBLe VI 
Effects of Malonate and Succinate on Respiration of Thoracic Aorta of Rat 


Ringer-phosphate buffer; pH 7.4; O»2 as gas phase; temperature 38°. 


Esmiment | Subtrate in bath ding gg Sgt aie today, || Oo 
, final concentration toh te 2nd hr. 
1 Succinate Malonate 2.2 1.3 
2 ss es 2:3 | 
3 sie ao | 3.5 1.4 
4 ae | 28 0.6 
5 Malonate Succinate 0.8 1.6 
6 - sis 0.8 1.8 


* Based on the initial dry weight. 


metabolism observed (Table IV) in the presence of succinate. In this con- 
nection it is of interest to note that Gordon and Heming have reported that 
malonate does not depress the rate of respiration of normal rat diaphragm 
but does when the Qo, of this tissue is raised by the feeding of desiccated 
thyroid (5). 

In order to determine whether malonate action on the succinic dehydro- 
genase system of the rat artery was masked by the low respiratory rate of 
artery the following experiments were performed. 

In Experiments 1 to 4, arterial tissue from mature rats was placed in 
Warburg flasks which contained, in the main compartment, 2.7 cc. of 0.02 
M succinate in Ringer-phosphate and, in the side arm, 0.3 ce. of 0.2 M malo- 
nate. After the rate of respiration of the artery for 1 hour in the pres- 
ence of succinate was determined, the malonate was added to the medium 
and the determinations continued for an additional hour. Under these 
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conditions malonate inhibited the heightened O2 consumption of the artery 
by 40 to 60 per cent (Table VI). 

In Experiments5 and 6, 0.02 m malonate was placed directly in the medium 
and 0.2 m succinate in the side arm. The transfer of succinate from the 
side arm to the malonate-containing medium doubled the rate of respi- 
ration of the arterial tissue (Table VI). 

The results presented in Table VI suggest that, despite the failure of 
malonate to depress the respiratory rate of arterial tissue excised from the 
normal rat, the succinic dehydrogenase system does participate in the 
metabolism of this tissue. 


DISCUSSION 


In assessing the significance of the slice technique, Potter has aptly 
stated that the oxygen uptake of a tissue slice is the resultant of a large 
number of competing and cooperating enzyme systems (13). The rate of 
this over-all activity in rat thoracic aorta, as judged by the Qo, values pre- 
sented here, is slow, approximately one-tenth that of liver and about one- 
twentieth that of kidney. 

Enzyme inhibitors, particularly if selective, have provided useful infor- 
mation on the intermediary metabolism of tissues. The interpretation of 
their action has been discussed by Cohen (14) and by Krebs (15). Thus 
the response in the respiration of rat thoracic aorta to malonate and suc- 
cinate, shown in Tables V and VI, indicates that succinic dehydrogenase 
participates in this process, whereas the results obtained with fluoride 
merely suggest that phosphorylated intermediates are also involved (16). 
These findings, in addition to the oxidative response of this tissue to pyru- 
vate and to some members of the tricarboxylic acid cycle, provide pre- 
sumptive evidence that carbohydrate is utilized by the rat arterial tissue. 

The oxygen uptake by thoracic aorta excised from rats, in which hyper- 
thyroidism and hypothyroidism had been induced, shows that, like kidney, 
liver, and muscle, arterial tissue possesses oxidative systems that, respond 
to thyroxine. This observation is of particular interest in connection with 
the reports that the administration of desiccated thyroid prevents athero- 
matosis in rabbits fed cholesterol (17-19). 


SUMMARY 


1. The respiratory characteristics of arterial tissue of the rat have been 
investigated. The Qo, of rat thoracic aorta was about 1 and the Q93 (N) 
about 8. Arterial tissue of the rat thus respires at a rate about one-tenth 
that of liver slices prepared from the same animal. 

2. No marked difference was observed in the oxygen consumption of 
thoracic and abdominal portions of the aorta. The Qs? (N) of the infer- 
ior vena cava was lower than that of the aorta. 
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3. No significant difference in oxidative metabolism of aorta excised 
from rats 1 to 2 months and rats 14 to 18 months old was demonstrated. 

4, Arterial tissue oxidized succinate, lactate, pyruvate, a-ketoglutarate, 
citrate, acetate, and glutamate. Glycine, glucose, and alanine did not 
increase the rate of respiration of the aorta. Succinate produced the most 
pronounced acceleration. 

5. The oxygen consumption of arterial tissue was inhibited by fluoride, 
azide, and iodoacetate. Malonate produced no appreciable inhibition. 
Malonate did, however, depress respiration of rat thoracic aorta when its 
oxidative metabolism had been stimulated by succinate. 

6. The Qo, of rat thoracic aorta was dependent upon the state of thyroid 
activity; it was increased by feeding rats desiccated thyroid and decreased 
by feeding them propylthiouracil. 
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The increase in the lipide content of the artery is one of the significant 
changes that occur in this tissue with aging. Moreover, atherosclerosis, 
the commonest form of arterial degeneration, is also largely a lipide meta- 
morphosis. In the advanced arteriosclerotic lesion, a complete replace- 
ment of normal arterial structure by lipides and minerals has occurred (1). 
The fact that a sustained hyperlipemia, induced either by cholesterol feed- 
ing in rabbits (2) and birds (3) or by stilbestrol injection in birds (4), 
produces atherosclerosis has led to the view that the accumulated lipides 
in the aging or degenerated artery represent an infiltration from plasma 
(1). But the increased lipide content of the artery that occurs in man 
with age is neither preceded nor accompanied by a rise in the level of 
plasma lipides. Thus Page et al. demonstrated that, in normal men, the 
amount and composition of lipides in plasma do not change between the 
ages of 20 and 90 years (5). The most satisfactory evidence on this point 
has been provided by Landé and Sperry who compared the degree of ath- 
erosclerosis of the aorta with the concentration of serum cholesterol in 
123 subjects who died suddenly from violence (6). They concluded that 
the severity of atherosclerosis in man is not dependent upon the level of 
serum cholesterol. It would thus appear that factors other than, or in 
addition to, infiltration of plasma lipides play a part in the formation of 
atherosclerosis. 

A study of the metabolism of arterial tissue was undertaken in order to 
throw additional light on the intraarterial factors that play a part in the 
development of arteriosclerosis. In the present investigation, the capacity 
of rat artery to synthesize lipides has been studied with radioactive acetate 
(fatty acid synthesis) and radioactive phosphate (phospholipide formation). 


Synthesis of Fatty Acids from C“H;C“OONa 


The arteries were removed and prepared as described in Paper I (7). 
To obtain the necessary amount of arterial tissue, thirty-five rats were 


* Aided by grants from the United States Public Health Service and the Life In- 
surance Medical Research Fund. 
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sacrificed in Experiments 1 and 2 and 80 in Experiment 3. 500 mg. por- 
tions of aorta were placed in each of several 50 ml. Erlenmeyer flasks. 
The medium in each flask consisted of 5.0 cc. of a bicarbonate-Ringer’s 
solution to which had been added sodium acetate! labeled at both of its 
carbons with C. At the end of a 3 hour incubation period at 37.5°, the 
contents of the several flasks used in each experiment were combined and 
their fatty acids and cholesterol extracted. 

The results of Experiments 1 to 3 are recorded in Table I. In 3 hours 
from 0.4 to 0.7 per cent of the labeled acetate had been converted to fatty 
acids. 

TABLE I 
Conversion of C4H;C4%OONa to Fatty Acids by Rat Thoracic Aortas 





Thoracic aortas Recovery of C' in 
: Average 
S Aqueous fraction Fatty acid fraction equiva 
- Total Total C™ B.% 
© ota added Per | Per c — 
a Spe- | of fatty 
£ Amount pred Total counts — Total counts = cific | acids 
& per min. added per min. added = - | isolated 
re) counts counts| **Y 
| 
per cent 
om [Moe | count er | 
| weight | | 
1 | 2.5 (35)f | 6.8 | 6.3 X 10% | 2.6 X 10%| 41.5] 4.5 X 104 | 0.71) 265 280 
2 | 2.8 (35) 5.0 | 6.3 X 106 3.2 X 10°; 51.4) 2.6 XK 104 | 0.41) 184 275 
r 6.2 (80) 4.2|}1.5 X 10° 1.9 X 10*! 32.3] 8.3 K 104 | 0.55) 320 294 


* Counts per minute per mg. of fatty acids. 

+ The figures in parentheses refer to the number of rats sacrificed to obtain the gm. 
of thoracic aorta indicated. 

t The specific activity of C'4H;C'OONa used was 1.6 X 108 counts per minute 


per mg. 


The conversion of acetate to fatty acids by rat liver slices was studied 
under similar conditions. A total of about 11 gm. of rat liver slices was 
incubated in the presence of C'4H;C“OONa and analyzed for fatty acids. 
The results of this experiment are recorded in Table II. About 5 per cent 
of the added C™ was recovered in the fatty acid fraction. 

Since the isolation of the radioactive fatty acids from artery and liver 
was carried out in the presence of a large fraction of the radioactive ace- 
tate that had been added to the medium, it became necessary to determine 
the extent to which the latter wascarried over into the fatty acid fraction 
during its extraction. This was done in the following manner. 10 gm. of 
rat liver were digested for 3 hours in alcoholic KOH. 3.1 mg. of C™ 
labeled sodium acetate with an activity of 5 million counts per minute 

1 We are indebted to Dr. H. A. Barker for the doubly labeled acetate used in this 
investigation. It was prepared from CQO, with the aid of Clostridium thermo 
aceticum (8). 
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were then added to the digest, and its fatty acids isolated. This amount 
of activity was greater than that encountered in the aqueous fraction of 
the artery experiment (Table I). The amounts of radioactivity recovered 
in the fatty acids isolated from the liver digests are recorded under Ex- 
periments 2 and 3 in Table II. Only 0.08 and 0.09 per cent of the added 
acetate was recovered in the fatty acid fractions. 

Cholesterol was also isolated as the digitonide from the arterial tissue 
and its radioactivity determined. Even though large numbers of rats 
(as many as 80 in Experiment 3) were sacrificed, the amounts of cholesterol 
isolated were insufficient, unfortunately, to permit an accurate determi- 
nation of the radioactivity of cholesterol and its derivatives. 


TABLE II 
Conversion of C'4'H;C'%OONa to Fatty Acids by Liver Preparations 


Recovery of C™ in fatty acids 








Experiment No. | —_ | Total C added | | Per - | Specitie 

| Total counts oe OT aetee 

| added ity* 

counts y 

iq gm. 

1. Liver slice....... | 10.6] 2.3 X 10% | 1.2 x 10° | 5.2 | 379 
2. Digested livert ' 10.0} 5.0 X 10° 4.2 X 103 0.08) 9.4 
3. rs ~~. se 10.0 5.0 X 10°§ 4.5 X 10 | 0.09 10.2 


* See foot-note to Table I. 

t The specific activity of added C'4H,;C“OONa = 7.6 X 10° counts per minute 
per mg. 

t For explanation of these control experiments see the text. 

§ The specific activity of added C4H;C“OONa = 1.6 X 10° counts per minute 
per mg. 


Incorporation of P® into Phospholipides 


Thoracic aortas were excised from female rats 14 to 18 months of age as 
already described (7). The aortas from eight to twelve rats were blotted, 
weighed, and transferred to an Erlenmeyer flask containing a bicarbonate- 
Ringer’s solution and inorganic phosphate labeled with P*. 

The amounts of the P® incorporated into phospholipides are recorded in 
Table III. The values in Column 6 are percentages of the added radio- 
activity recovered as phospholipide per gm. of wet tissue. In the presence 
of 0.9 gm. of rat thoracic aorta (Experiment 1), approximately 0.7 per 
cent of the added P* was converted to phospholipide in 2 hours, or 0.8 per 
cent per gm. of tissue. Under identical conditions, 0.4 gm. of liver slices 
converted about 2 per cent of the P® to phospholipide, or about 5 per cent 
per gm. of slices. 

The mg. of phospholipide formed from the inorganic phosphorus of the 
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medium were calculated, and the values obtained are recorded in Column 7. 
Since inorganic phosphorus and various phospholipide intermediates 
already present in the tissue itself are undoubtedly converted to phospho- 
lipide, these values represent but a minimum of the total amount of 
phospholipide formed by the tissues. 

In Experiment 2, 0.02 m succinate was added to the medium containing 
the aortas. Despite the fact that this substrate increases the respiration 
of arterial tissue (7), it had no effect on the rate of incorporation of phos- 
phate into phospholipide. 


TABLE III 
Synthesis of Radioactive Phospholipide by Surviving Rat Thoracic Aorta and 
Liver Slices 
Incubated for 2 hours at 37.5° in Krebs-Henseleit buffer, pH 7.4; 0.18 mg. of P 
per bath; 3 uc. of P® in each bath. 








| 
Surviving rat tissu SES cl sant sid 
ee 
iy Amount | Phospho- | i gary 7" 
— wedper | lipids | Toul | ‘ie | 
(1) (2) 1 @ | @ (5) 6) | (7) 
ese | Fi poco we: 
1 | Artery 0.90 0.4 | 0.74 0.82 0.04 
Liver 0.38 2.9 | 1.75 4.60 0.21 
2t Artery 0.92 0.4 | 0.70 0.76 0.03 
Liver 0.30 2.8 | 1.75 5.83 0.26 
3 Artery 0.70 0.6 | 0.59 0.84 0.04 
«“ 0.55 0.6 | 0.50 0.91 0.04 
“ 0.72 0.5 | 0.71 0.98 0.04 
Liver 0.51 2.5 | 2.28 4.46 0.20 





* Obtained as follows: 0.82/100 X 0.18 X 25, where 0.82 is the corresponding value 
in Column 6, 0.18 is the mg. of P per bath, and 25 is the P content of phospholipide. 
+ 0.02 m succinate added to bath. 


DISCUSSION 


There can be little doubt that the atheromatosis that develops in animals 
in which a hypercholesterolemia has been induced experimentally results, 
in part if not wholly, from an infiltration of circulating lipides into the 
arterial wall. In the development of the lesion, experimentally induced 
either by the feeding of cholesterol or by the injection of stilbestrol, it 
would appear, therefore, that the artery plays a passive réle in that the 
lipides composing the atheromatous plaque are not products of arterial 
metabolism. Since, however, atherosclerosis develops in man in the 
absence of a raised lipide level of the blood, several investigators have 
proposed that intrinsic factors must be concerned with the development 
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of this spontaneous lesion (9). The results of the present investigation 
can leave no doubt that arterial tissue is not inactive in the metabolism of 
lipides. Tits capacity to synthesize fatty acids from the 2-carbon fragment, 
acetate, and to incorporate phosphate into the phospholipide molecule (a 
process that involves the formation of two ester bonds) is clearly demon- 
strated by the results presented here. The significance of our findings with 
regard to the development of arteriosclerosis in man and animals is difficult 
to assess, because the rat does not develop arteriosclerosis. These findings 
do suggest, however, that the proposed concepts in which the artery is 
considered passive may require revision. 


EXPERIMENTAL 


Preparation of Bicarbonate-Ringer’s Solution—The bicarbonate-Ringer’s 
solution was prepared according to the method of Krebs and Henseleit (10). 
In the fatty acid experiments, each 5 cc. of the buffer contained approxi- 
mately 1 mg. of sodium acetate, both carbons of which were labeled with 
C“, In the phospholipide experiment, P* in the form of inorganic phos- 
phate was added to the Ringer’s solution. Each flask contained 0.18 mg. 
of phosphorus in the form of KH,PO, and approximately 3 ye. of P*®. 

The bicarbonate-Ringer’s solutions were saturated with a gas mixture 
consisting of 95 per cent O2 and 5 percentCO,. The pH of the medium was 
adjusted to 7.4 just before the addition of the arterial tissue. Immedi- 
ately after addition of arterial tissue to the flasks, the atmosphere of the 
flasks was displaced by the same gas mixture. The flasks were incubated 
in a constant temperature bath at 37.5° for a period of 2 or 3 hours. 

Extraction of Radioactive Fatty Acids and Cholesterol—The methods 
employed for the isolation of these lipides and the determination of their 
radioactivity have been described elsewhere (11). 

Extraction of Phospholipide—5 cc. of ice-cold 0.3 N trichloroacetic acid 
were added to each flask to stop the reaction. The contents of the flask 
were then transferred to an all-glass homogenizer, together with 1 or 2 ce. 
of the cold trichloroacetic acid, and the tissue thoroughly macerated. 
The tube and its contents were centrifuged and the supernatant discarded. 
The grinding and centrifugation of the precipitate were repeated twice. 
The acid-washed precipitate was then extracted five times with a 3:1 
alcohol-ether mixture at 50° and twice with ethyl ether. All extracts were 
combined in a 250 cc. Erlenmeyer flask that had a small side arm. The 
extracts were concentrated to a small volume on a steam bath. About 5 
ec. of distilled water and 50 mg. of KH2PQ, were then added to the flask. 
This was done in order to dilute any inorganic P* which may have been 
carried into the extracts. The concentration was continued until alcohol 
was no longer detected. Ethyl ether was added to the flask and the 
flask vigorously shaken. The supernatant ether layer was poured off, the 
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lower water phase being caught in the side arm. ‘The latter was then re- 
extracted twice and all three ether extracts combined in an Erlenmeyer 
flask which also had a side arm. In order to remove any remaining inor- 
ganic P®, the volume of the combined extracts was reduced to about 15 ce., 
on a hot water bath, and 50 mg. of KH.PQO, again added with 5 cc. of water, 
After the flask was shaken violently, the ether phase was separated from 
the water phase by means of the side arm and the water phase was ex- 
tracted twice with ethyl ether. The extracts were combined in another 
side-armed flask. The water phase was tested for radioactivity, which 
was found to be negligible. The volume of the ethyl ether extracts was 
again reduced to 15 to 20 cc. and 5 cc. of water were added to wash the 
ethyl ether extracts free of inorganic phosphate. The ethyl ether was 
transferred to a 100 cc. volumetric flask and made to volume. Aliquots 
of the ether solution were mounted on blotting paper for determination of 
radioactivity (12). The P® content of other aliquots was measured by 
King’s method (13), the color being determined by the Klett-Summerson 
colorimeter. 


SUMMARY 


1. The synthesis of lipides by the rat artery was investigated with the 
aid of P®? and acetic acid in which both carbons were labeled with C™. 

2. Surviving rat thoracic aorta is capable of converting acetate to fatty 
acids. The incorporation of P® into the phospholipide molecule is also 
readily accomplished by the rat artery. 

3. The bearing of these synthetic reactions on the development of 
atherosclerosis is discussed. 
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(Received for publication, December 20, 1948) 


The repeated observation of an increased oxygen consumption by dys- 
trophic muscle from vitamin E-deficient animals (1-6) has stimulated a 
search for the enzyme system or systems which might be responsible. 
Houchin (7) reported an increased succinoxidase activity of hamster 
muscle and an inhibition of this activity by a-tocopheryl phosphate. 
Though the inhibitory effect of a-tocopheryl phosphate on the in vitro 
succinoxidase activity of dystrophic hamster muscle, as well as normal 
muscle, was observed by subsequent workers (8), no significant difference 
in the activity of this enzyme, however, was found in the dystrophic mus- 
cle as compared to normal muscle. From the work of Govier et al. (9, 10) 
it appears that a-tocopheryl phosphate might also inhibit coenzyme I 
nucleotidase and lactic dehydrogenase. Spaulding and Graham (11) have 
likewise found that a-tocopheryl phosphate inhibits the coenzyme I nu- 
cleotidase. 

A decreased creatine content in dystrophic muscle, resulting from a 
vitamin E-deficiency, has also been well substantiated (12-15). Creatine 
is regarded as existing in muscle as phosphocreatine and only transitorily 
and to a relatively small extent as creatine. If this is true, then it follows 
that it is the phosphocreatine which is decreased. Assuming for the mo- 
ment that there is no decreased synthesis of creatine in the vitamin E-de- 
ficient animal, at least three possible explanations present themselves for 
the decreased phosphocreatine concentration in the dystrophic muscle: (1) 
the creatine does not enter the muscle cells rapidly enough, (2) there is an 
accelerated breakdown of phosphocreatine within the muscle, and (3) the 
tate of phosphocreatine regeneration is decreased. The recent report by 
Hummel (16) indicates that the oxidative phosphorylation of creatine in 
muscle may be decreased in nutritional muscular dystrophy. In the same 
paper Hummel reports a decreased adenosinetriphosphatase activity of 
muscle homogenates from dystrophic hamsters and guinea pigs. He, how- 

*Present address, Hospital of The Rockefeller Institute for Medical Research, 
S6th Street and York Avenue, New York 21, New York. 
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ever, foresaw a possible explanation for his observations: ‘‘... it must be 
emphasized that there is a smaller active mass of muscle as a result of 
necrosis and fibrotic infiltration which may, in part, explain the lowered 
enzymatic activity in advanced dystrophy.”’ 

In the course of studies on nutritional muscular dystrophy in rabbits in 
this laboratory, the adenosinetriphosphatase and phosphatase (acid and 
alkaline) activity of muscle homogenates was determined. It is generally 
regarded that adenosine triphosphate is resynthesized by means of the Loh- 
mann reaction, in which phosphocreatine supplies the energy-rich phos- 
phate bond, as well as by oxidative phosphorylation. The thought oe- 
curred to us that perhaps in the dystrophic animal, in the initial stages of 
the disorder, adenosine triphosphate was more rapidly broken down than 
in the normal animal. The call on phosphocreatine might therefore be 
greater to resynthesize adenosine triphosphate. If the rate of adenosine 
triphosphate breakdown were such that even the increased rate of oxygen 
consumption by the muscle was inadequate to generate sufficient energy 
for resynthesis of the required energy-rich phosphate bonds, there could 
be an initial increase in the concentration of free creatine. If then the 
muscle does not hold creatine as such for any length of time, or holds only 
a limited amount of free creatine, one would have an explanation for the 
eventual decrease in creatine (phosphocreatine) concentration of the mus- 
cle. The leakage of creatine from the muscle might also be responsible 
for the creatinuria in animals with nutritional muscular dystrophy, if one 
keeps in mind the demonstration by Borsook and Dubnoff (17) that crea- 
tine is converted in vitro to creatinine at a relatively slow rate. 

Since phosphate esters are intimately associated with carbohydrat 
metabolism and probably with metabolism in general, it seemed logical t 
investigate the relatively non-specific phosphatases too. 

EXPERIMENTAL 

Male rabbits weighing from 572 to 1390 gm. were placed on the dys 
trophy-producing diet of Goettsch and Pappenheimer (18). Some of 
these rabbits, the controls, received orally 10 mg. of a-tocopherol! in ethy! 
laurate per day. The a-tocopherol was administered at least 3 hours after 
removal of uneaten food in the morning and at least 3 hours before a fresh 
portion of the diet was given in the evening (19). ‘The animals were 
weighed every other day. 

For the quantitative collection of urine specimens, the bladder of the 
animal was emptied by gentle pressure on the abdominal wall; the animal 


1 Some of the a-tocopherol was kindly supplied by Dr. Dana 8S. Crum, Merck and 
Company, Inc., Rahway, New Jersey. The remainder was purchased from General 
Biochemicals, Inc., Chagrin Falls, Ohio. 
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was then placed in a metabolism cage for 6 hours. During this period of 
time only water was available. The urine excreted during this period 
combined with that obtained by gentle pressure on the abdominal wall at 
the end of the period was regarded as a 6 hour specimen. 

When possible, creatinine and total creatinine were determined imme- 
diately; otherwise the samples were stored at 0° and analyzed within 24 
hours. The creatinine and total creatinine were determined by adaptation 
of the method of Folin (20) to the Klett-Summerson photoelectric colorim- 
eter. 

The animals were continued on the diet until there was a definite in- 
crease in the creatine excretion for 3 or more days. They were then sacri- 
ficed by a blow at the back of the head. As quickly as possible a piece of 
muscle from the right thigh was snipped out; approximately 500 mg. were 
weighed and homogenized with cold doubly distilled water in a small all- 
glass tissue mincer. After further dilution, the homogenate was used in 
the determination of adenosinetriphosphatase activity within 15 minutes 
of the death of the animals. The same homogenate was stored at 0° and 
used for the phosphatase determinations within 2 hours after the sacri- 
fice of the animal. 

The adenosinetriphosphatase activity of the muscle homogenates was 
determined according to the method of DuBois and Potter (21) except that 
the volumes of the reagents were increased 5 times. Adenosine triphos- 
phate, which served as a substrate in this determination, was prepared ac- 
cording to the directions of LePage (22). It had on analysis an inorganic 
phosphate content of 0.26 per cent. Of the total phosphorus (corrected 
for inorganic phosphate-phosphorus initially present) 65 per cent was re- 
leased in 7 minutes by hydrolysis at 100° in N hydrochloric acid. Under 
the same conditions, 76.5 per cent was released in 10 minutes. In the 
case of four control and four experimental animals, 1 mg. of disodium dl- 
a-tocopheryl phosphate? in 0.5 ml. of distilled water replaced an equal vol- 
ume of water in the reaction mixture. When the tocopheryl phosphate 
was thus used, the reaction mixture was filtered instead of centrifuged prior 
to the determination of inorganic phosphate; the suspended material could 
not be removed satisfactorily by centrifugation. 

Acid, pH 4.50, and alkaline, pH 9.78, phosphatase activities of the mus- 
cle homogenates were determined with the method proposed by Binkley 
é al. (23) for serum phosphatases, except, of course, that a muscle homo- 
genate was used instead of serum. The pH of the buffers was determined 
with a glass electrode. The substrate was disodium phenyl phosphate. 

*The disodium dl-a-tocopheryl phosphate was kindly given to this laboratory 


by Dr. Kenneth L. Zierler and Dr. J. L. Lilienthal, Jr., of The Johns Hopkins Uni- 
versity Hospital, Baltimore, Maryland. 
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All determinations of activity were run in quadruplicate. In the instances 
in which tocopheryl phosphate was used, 10 mg. of the disodium salt were 
dissolved in 5 ml. of doubly distilled water and replaced this volume of the 


TABLE I 
Effect of Vitamin E-Deficient Diet on Weight and Creatinine and Creatine Excretion 
of Young Rabbits 


Weight | Creatinine Creatine 
| res “rei ot 
Rabbit |__ ce fe con | — | Condition of animal 
Yo. | iy : when sacrificed 
Initial | Final ‘mal | initial | | Final | —— Initial | Final | Maxi | diet | 








Vitamin E-deficient 


Es | mg. | mg. | mg. ae. | me. 
| gm. gm. gm. ae per | per | per | .? 
| | 6 hrs. 6 hrs.| 6 hrs. | 6 hrs. | 6 col 6 pl 


2 830 1160 1340 8.3] 4.5) 12.8) 2.9 | 12.0} 12.2 


27 | Dead 60 min. when 

| | sampled 

3 | 1060) 1510) 1675] 12.7} 12.2} 17.2) 0.3 | 24.0) 25.8) 34 No signs of weak- 
| | | ness 

5 1360) 1640) 1730) 14.2) 12.5) 18.5 5.0 | 20.5) 26.2) 33 | Hind quarters weak 

6 780| 910! 1320} 9.0) 9.0) 12.0! 1.5 | 34.0) 34.0, 25 | Apparently well 

7 750) 940} 1310} 9.0| 3.7| 11.2) 2.5 | 23.8) 23.8) 29 | Moribund 

11 662) 1020) 1180) 6.8) 9.2) 10.0) 1.0 20.6 21.7; 29 | Weak but alert 

13 572) 1095} 1125} 5.2) 6.2) 12.5) 2.8 | 18.3! 22.5| 31} Slight signs of 


| weakness 


14 | 785] 1010| 1080) 8.5 9. 





7| 11.2) 0.7 | 19.8) 19.8} 19 | Weak 
18 +1230] 1400] 1400 11.2} 8.7| 11.2] 1.8 | 14.5) 24.3 23| “ but alert 
19 | 1025; 1260) 1285) 10.2) 16.2) 16.2; 4.2 | 13.8) 18.8} 36 | Apparently well 
22 | 1020} 1255) 1255, 9.2) 14.0) 14.0, 1.2 | 7.8) 16.8} 33 ss 

Control* 

4 | 1390} 1570) 1570) 14.2) 11. 3| 14.2 | 5.0 5.0) 5.0) 36 In good health 
9 | 785) 1210) 1220) 8.3) 14. 0} 14. 0| 3 A) 4a 40 i“ “ § 
10 | 785, 960, 960] 4.8) 8.2 $21.7) 2.5 2.5 15) * “ 
15 | 1280) 1500) 1500) 14. Bee 2) 16.0 2.3 | 2.5) 2.5] 20) “ “ 
16 | 1240) 1650| 1650| 13.2) 15. 0} 15.0, 3.0| 0.7} 3.0} 22; “« “ * 
17 | 1380) 1480) 1480) 14.5) | 12.5] 18.0, 0.2| 3.0] 4.5) a; “ « 
20 | 1065; 1220) 1220 9.0| 12.2) 12.2) 1.2] 0.4] 4.5 


29 | iad “ec sé 
ie 





* The control rabbits received orally 10 mg. per day of a-tocopherol in ethyl 
laurate. 


stock buffer solution in the preparation of 100 ml. of the substrate-buffer 
solution. 
RESULTS AND DISCUSSION 


Summarized in Table I are the data on weight and creatinine and total 
creatinine excretion of the rabbits used in this study. 
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The control and dystrophic rabbits appear to show an approximately 
similar adenosinetriphosphatase activity (Table II). An exception is seen 
in the case of Rabbit 2, whose adenosinetriphosphatase activity was found 


TaBLeE II 
Adenosinetriphosphatase Activity of Muscle Homogenates from Rabbits on Vitamin 
E-Deficient Diet 
The activity is expressed as micrograms of P per mg. of wet muscle per 15 minutes. 












































Without a-tocopheryl phosphate With a-tocopheryl phosphate 
Rabbit No. =e eS a ee es ee 
With calcium | Without calcium With calcium Without calcium 
Control* 
4 15.14 | 4.94 | 
9 15.10 7.75 | 
10 | 16.12 7.60 
15 | 16.16 | 6.34 12.72 | 
16 } 11.91 | 5.24 | 11.64 | 1.93 
17 | 15.36 6.19 14.97 | 4.27 
20 | 14.20 | 7.91 13.52 4.35 
Average... ......| 148540.38| 6.5840.31) 13.2140.47| 3.52+0.54 
Ee ee | 11.91-16.16 | 4.94-7.91 11.64-14.97 | 1.93-4.35 
Experimental 
2 | 7.45 3.70 
3 | 18.73 5.45 | 
5 16.65 6.43 | 
6 16.05 8.75 
7 12.75 6.75 | | 
11 | 11.10 4.60 | 
13 | 14.31 5.21 
14 15.17 | 7.14 | 12.43 | 4.07 
18 11.36 | 4.87 8.67 | 1.99 
19 | 15.96 | 4.80 14.28 | 3.18 
22 18.67 | 7.02 13.82 3.75 
Average. .. ..., 14.3540.70| 5.88+0.30) 12.3040.85| 3.23+0.31 
Range... . ....| 7.45-18.73 | 3.70-8.75 8.67-14.28 | 1.99-4.07 





* The control rabbits received orally 10 mg. of a-tocopherol in ethyl laurate per 
day. 


to be relatively low. This may be due to the fact that this animal had 
died within the hour previous to taking the muscle sample and the time, 
therefore, which elapsed between assay and death was different from that 
in all the other instances. It may also, however, be an indication that in 
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the rabbit, as in the guinea pig and hamster, adenosinetriphosphatase 
activity is decreased in a severely dystrophic state (16). The rabbit was 
definitely in the terminal stages of dystrophy, as evidenced by physical 
signs. The value for Rabbit 2 is included in the average value; were it to 
be excluded, the average value would still not be markedly different, namely 
15.07 +. 

With the thought in mind that a-tocopherol has been shown to partici- 
pate in biological systemsand not merely asa non-biological oxidant (5, 7-10), 
disodium dl-a-tocopheryl phosphate was added to the substrate-buffer 
mixture in the case of four control and four dystrophic rabbits. As can 
be seen from Table II, in the instance in which added calcium and the tocoph- 
eryl phosphate are both present, the results are at most only suggestive 
that the enzyme, adenosinetriphosphatase, may be less active in the pres- 
ence of the tocopheryl phosphate. When calcium was not added to the 
reaction mixture, the activity of the enzyme was definitely lower in the pres- 
ence of the tocopheryl phosphate. Since calcium a-tocophery! phosphate 
is relatively insoluble, a test was made of the possibility that the observed 
decreased activity of adenosinetriphosphatase was due to a removal of 
the calcium originally present in the homogenate. The results of this test 
are given in Fig. 1. 

One might interpret the findings presented in Fig. 1 as strongly indica- 
tive that a-tocopheryl phosphate exerts its inhibitory effect on adenosine- 
triphosphatase because of its precipitation of the calcium, which is an es- 
sential cofactor for the enzyme. 

Observations on the acid and alkaline phosphatase activities of muscle 
homogenates from normal and dystrophic rabbits are summarized in Table 
III. In the case of the alkaline phosphatase, the range and the overlap- 
ping of the activity values, found in the rather limited series of animals used, 
do not, at present, allow for any conclusion. There does, however, appear 
to be a definite increase in the acid phosphatase activity of the muscle 
homogenates from the dystrophic rabbits. It is worthy of note that only 
in the case of one dystrophic animal, Rabbit 11, is the acid phosphatase 
activity as low as the highest value found in the control series. 

The data in Table III, in regard to the effect of a-tocophery! phosphate 
on the acid phosphatase activity of muscle homogenates, indicate that, 
under the conditions of the determination, less phenyl phosphate, the sub- 
strate, is hydrolyzed when a-tocopheryl phosphate is present than whet 
the latter is absent. That a-tocopheryl phosphate might interfere in the 
determination of the phenol released from phenyl phosphate suggested 
itself as a possible answer to the observed decreased activity. To settle 
this point the experiment presented in Table IV was set up. It is cleat 
from the data in Table IV that a-tocopheryl phosphate does not interfere 
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with the development, of the blue col 


or given by phenol (or tyrosine) with 
the reagent of Folin and Ciocalteau. 


In this experiment the tubes contain- 
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TaBLeE III 
Phosphatase Activity of Muscle Homogenates from Rabbits on Vitamin E-Deficient 





Diet 
The activity is expressed as micrograms of phenol liberated per hour by 10 mg. of 
muscle (wet weight) at 37°. 


Acid phosphatase 




















Rabbit No. oe inne | 6 ilies ghepheagl 
Without a-tocopheryl | With a-tocopheryl 
phosphate | phosphate 
Control* 
4 | 2.60 | 1.20 
9 | 3.45 | —- 2.88 
10 2.13 | 2.00 
15 1.97 0.00t 
16 2.15 | 0.60 
17 1.73 | 0.78 
20 2.77 1.35 
Average.......... 2.40+0.15 0.67 +0.19 2.01 + 0.32 
sic ssrsvens 1.73-3.45 0.00-1.35 1.20-2.83 
Experimental 
2 | 3.94 | 2.32 
3 4.41 | 1.50 
5 4.11 | | 0.25 
6 3.70 3.57 
7 4.45 | 3.01 
11 3.40 1.80 
13 4.47 | 0.80 
14 4.17 0.00t 
18 4.10 | 2.37 
19 7.97 | 1.17 
22 | 5.75 | 2.20 
Average......... | 4.58 + 0.26 1.43 + 0.38 1.89 + 0.30 
ee | 3.40-7.97 0.00-2.37 0.25-3.57 


* The control rabbits received orally 10 mg. of a-tocopherol in ethyl laurate per 
day. 

+1 mg. of disodium dl-a-tocopheryl phosphate was present in each tube; in all 
of the other determinations only 0.5 mg. of the disodium dl-a-tocophery! phosphate 
was used per tube. 


ever, was finely dispersed, as evidenced by the relatively constant incre- 
ment in the density reading of each tube. This turbidity was never ob- 
served when muscle homogenates were part of the mixture and filtration 
was employed. 
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TaBLe IV 
Effect of Added Disodium dl-a-Tocopheryl Phosphate on Color Developed with Known 
Amounts of Phenol and Phenol Reagent of Folin and Ciocalteau 


Each tube in Column 3 contained 1 mg. of the disodium dl-a-tocopheryl phosphate 
(TPh) in addition to the indicated concentration of phenol. 





Phenol concentration Photometer reading | Licamccenper Pape ie Me 
(1) (2) ) (4) 
mg. | 
0.000 0.000 | 0.119 0.000 
0.000 0.000 | 0.119 | 0.002 
0.004 0.063 0.184 0.065 
0.004 0.062 0.182 0.065 
0.008 0.121 0.243 0.128 
0.008 0.122 0.240 0.126 
0.012 0.180 0.310 | 0.198 
0.012 0.182 0.300 0.187 
0.016 0.240 0.365 0.249 
0.016 0.242 0.358 0.241 
0.020 0.299 0.420 0.300 
0.020 0.301 | 0.421 0.302 





* These readings were taken with the photometer set at zero with the tubes of 
Column 2 containing no phenol. 

+ These readings were taken with the photometer set at zero with the tubes of 
Column 3 containing no phenol. 


TABLE V 


Réle of Disodium dl-a-Tocopheryl Phosphate as Substrate for Rabbit Muscle Acid 
Phosphatase 


Al per cent muscle homogenate served as the source of the enzyme. The con- 
centration of disodium dl-a-tocopheryl phosphate in the presence of the enzyme was 
10-* ; of disodium pheny! phosphate, 10-°m. An acetate buffer, pH 5.0, was used. 
Incubation was at 37° for 1 hour. The activities are expressed in terms of 10 mg. 
of wet muscle. The muscle samples had been in a deep freeze box for 1 to 2 weeks 
before use. The figures in parentheses are calculated values for phosphorus, in 
micrograms, from the corresponding observed values for phenol. 











a-Tocopheryl 
Experiment No. gp bam 7 yl ae Disodium phenyl phosphate 
phosphate 

> P per hr. > P per hr. > P per hr. | phenol nee Pm 
1 1.50 0.80 4.70 9.30 (3.10) 
2 0.14 0.00 4.47 | 11.45 (3.80) 
3 0.00 0.00 4.67 | 13.95 (4.60) 
4 


0.00 0.98 4.48 12.60 (4.16) 
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The further possibility that a-tocopheryl phosphate might act as a sub- 
strate for the acid phosphatase of the muscle, substituting in part for the 








\, @---0 02M acetate buffer, at 9.0| 
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Fig. 2. The effect of a-tocophery] phosphate (a-TPh) concentration on the acid 


phosphatase activity of rabbit muscle homogenate. The a tocophery] phosphate 
was added as a solution of its disodium salt. 





phenyl phosphate, came to mind. A determination of the phenol re leased 
by acid phosphatase from pheny! phosphate in the presence of a-toc ophery! 
phosphate might indicate only the fractional activity of the enzyme. It 
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1b- | the enzyme affected the hydrolysis of a-tocopheryl phosphate, as well as 
the phenyl phosphate, a determination of the phenol alone would not take this 
Pe) 
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Cy / 
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| 20h 
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| | L | 
25 50 100 20 x10*m 
Calcium conc. (added) in incubation volume 


the ack Fig. 3. The effect of calcium on the inhibition by a-tocopheryl phosphate (a-TPh) 


of the acid phosphatase activity of rabbit muscle homogenates. The calcium was 
added as calcium chloride; the a-tocopheryl phosphate, as the disodium salt. The 
concentration of a-tocopheryl phosphate was 2.2 X 107‘ m in each instance. 


hosphate 


released 


opheryl into account. To settle this point the experiments summarized in Table 


me. | V were carried out. Here, not only the phenol released from phenyl phos- 
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phate but the increase in inorganic phosphate was determined. It ap- 
pears from this experiment that the amount of inorganic phosphate 
liberated when a-tocophery] phosphate and phenyl phosphate are both 
present is either very small or negligible. The a-tocopheryl phosphate is 
not used to any extent as a substrate by the muscle acid phosphatase. It 
may very well be that a-tocopheryl phosphate combines with the enzyme 
or some essential component which is necessary for the activity of the acid 
phosphatase and thereby inhibits the activity of the enzyme on the sub- 
strate phenyl phosphate, with which the enzyme is likewise confronted. 

The inhibitory effect of a-tocopheryl phosphate on the acid phosphatase 
activity of rabbit muscle homogenates was found to vary with the con- 
centration of a-tocopheryl phosphate, as shown in Fig. 2. 

Calcium, when added as the chloride so that the final concentration of 
this cation ranged from 2.5 X 10-* m to 4.0 X 10-* M, was found to have 
no apparent effect on the activity of the rabbit muscle acid phosphatase. | 
Calcium, however, as shown in Fig. 3, could decrease the inhibitory effect | 
of a-tocopheryl phosphate. The inhibition by a-tocopheryl phosphate of ) 
the acid phosphatase activity decreased as the calcium concentration in- 
creased, provided that the a-tocopheryl phosphate was added to the cal- 


cium-containing buffer-substrate solution (upper curve, Fig. 3). If, on I¢ 
the other hand, the a-tocopheryl phosphate was added to the muscle homo- 
genate before the latter was added to the calcium-containing buffer-sub- 13 
strate solution, only a slight effect of the calcium was demonstrable (lower 14 
curve of Fig. 3). It would seem that the a-tocopheryl phosphate when 15 
added to the muscle homogenate combined with some component in the : 


homogenate, either the acid phosphatase or some unknown cofactor of 
this enzyme, and thereby affected the activity. The affinity of a-toco- 19. 


pheryl phosphate for this undetermined component appears to be a rela- } 4, 
tively strong one: calcium, even in excess, did not result in the precipita- 21. 
22 


tion of the rather insoluble calcium tocopheryl phosphate. 


SUMMARY 

No definite increase or decrease was observed in the adenosinetriphos- | 
phatase and alkaline phosphatase activities of muscle homogenates from} 
dystrophic rabbits. 

A definite increase, an approximately 2-fold increase, in the acid phos- 
phatase activity of muscle homogenates from dystrophic rabbits was ob- 
served. 

The in vitro addition of a-tocopheryl phosphate to the adenosinetriphos- | 
phatase system resulted in a decrease of activity. The inhibitory effect 
of a-tocopheryl phosphate appears to be due to the precipitation of calcium, 
which serves as an activator (cofactor) for this enzyme. 
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The addition of a-tocopheryl phosphate in vitro to the muscle acid phos- 


P- phatase system resulted in an inhibition of activity. Calcium is not re- 
te quired as a cofactor for the maximal activity of the muscle acid phosphatase 
th under the conditions employed. Though it was found possible to decrease 
7 the inhibitory effect of a-tocopheryl phosphate on the enzyme by the addi- 
It tion of calcium to the system, it was also possible to demonstrate that the 
= inhibition by a-tocopheryl phosphate of the muscle acid phosphatase was 
eid but slightly affected if the a-tocopheryl phosphate was mixed with the 
“ muscle homogenate before calcium was added. 
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THE EFFECT OF ACETIC ACID ON THE STABILITY OF 
SERUM PROTEINS* 


By GERTRUDE E. PERLMANN{ ann DOROTHY KAUFMAN 


(From the Medical Clinic, Massachusetts General Hospital, the Department of Medicine» 
Harvard Medical School, and the Massachusetts Department of Public 
Health, Boston) 


(Received for publication, December 27, 1948) 


Several investigators (1, 2) have shown that when horse serum is de- 
natured a change in the relative distribution of electrophoretic components 
occurs. Van der Scheer, Wyckoff, and Clarke (1) found that heating of 
serum at 65° resulted in the formation of a single component, with the dis- 

_ appearance of the albumin and globulin peaks of the serum. This was 
confirmed by Davis, Hollaender, and Greenstein (2) who also demon- 
strated a similar phenomenon produced by ultraviolet radiation. 

In the present study the stability of serum and certain plasma protein 
fractions at acid pH values in the presence of acetate has been investigated. 
To determine the stability of these proteins, electrophoretic analysis was 

| carried out after removal of the acetate ions and the results are compared 
with those obtained with undenatured human serum. 


EXPERIMENTAL 


Usually three or four different samples of normal human serum were 
pooled and adjusted to the desired pH by dropwise addition of acetic acid 
with sufficient stirring to minimize any possible effects of local excess of 
aid. After standing at room temperature for 30 minutes, the solutions 

were dialyzed at 3-5° against 2000 cc. of 0.15 m sodium chloride for 2 
| days with several changes of the dialysate. The samples were then diluted 
with 0.1 N sodium diethyl barbiturate buffer of pH 8.6 to a final protein 
concentration of 1.87 per cent, t.e. 3.0 mg. of protein nitrogen per cc., and 
dialyzed in the cold for 3 days against liberal portions of this buffer. 

The electrophoretic experiments were performed at 1.5° in a Tiselius ap- 
paratus (3) equipped with the schlieren scanning device of Longsworth (4). 
The concentrations of the electrophoretically separable components were 
estimated by the procedure of Tiselius and Kabat (5). The results are 
expressed as the ratio of the area of each component to the total area, ex- 


* This is Publication No. 104 of the Robert W. Lovett Memorial for the study of 
crippling disease, Harvard Medical School. The expenses of this investigation 
were defrayed in large part by a grant from the Commonwealth Fund, New York. 

{ Present address, The Rockefeller Institute for Medical Research, New York. 
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clusive of the 6- and e-boundaries. Average values of the descending and 
ascending boundaries are given. Mobilities were computed from the de- 
scending patterns and refer to 0°. 


Results 


In Fig. 1 are superimposed the tracings of the electrophoretic patterns 
of normal human serum before and after exposure to acetic acid at pH 3.0 
for 30 minutes. Electrophoresis of the acetic acid-treated serum showed a 
progressive increase in homogeneity of the material with the formation of 
a new peak. This new component, designated as D (for denatured), mi- 
grates with a mobility intermediate to mobilities of the as- and 8-globulins. 


A 


— Normal | 
—-- Acetic acid treated A 

















—— descending 


Fic. 1. Superimposed tracings of a 1.87 per cent solution of normal human serum 
before and after treatment with acetic acid at pH 3.0. Electrophoresis was carried 
out in a sodium diethyl barbiturate buffer at pH 8.6 and 0.1 ionic strength at a po- 
tential gradient of 5.3 volts per cm. for 12,600 seconds. 


Exposure to acetic acid at pH 3.0 for 30 minutes was found to be necessary 
for the appearance of this component. In samples treated for 30 minutes, 
the D component has the same mobility as that of a sample treated for 48 
hours, although in the latter case the D component is present in a some- 
what higher concentration. 

Effect of pH—The striking differences of the two patterns of Fig. 1 made 
it desirable to test the effects of acetic acid at various pH values. Table! 
shows the apparent distribution of the protein components observed in 
six experiments in which the pH was varied between 4.0 and 2.8. After 
exposure to pH 4.0, no significant changes were found. At pH 3.7, the 
y-globulin increased at the expense of the albumin. pH 3.4 causes a fur- 
ther shift in the concentration of these two components, and the D com- 
ponent appears. At pH 3.1, the amount of y-globulin is reduced. These 
results indicate clearly that in the case of normal human serum in an ace 
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tic acid medium pH 4.0 represents the critical pH for the stability of the 
proteins. At pH values below 4.0 denaturation occurs. 

In a series of experiments in which hydrochloric acid, lactic acid, or 
equilibration with a glycine-hydrochloric acid buffer was used for adjust- 
ment to pH 3.0, the formation of the D component was not observed. In 
these cases all the electrophoretic components of normal serum were pres- 
ent. However, a slight shift in the distribution of the relative concentra- 
tions of components was noticeable which was most marked in the case of 
the lactic acid-containing medium. 

Stability of Plasma Fractions—Since it was found that the serum globu- 
lins are more specifically affected by the presence of acetic acid, the sta- 
bility of plasma fractions was investigated. Various preparations were 


TABLE I 


Electrophoretic Distribution of Proteins in 1.87 Per Cent Solution of Normal Human 
Serum after Exposure to Acetic Acid at Various pH Values for 30 Minutes 






































eo of Concentration in per cent as Mobilities X 10-§ cm.? volt ~! sec.7! 
Concen- | | Globulins way a Globulins | ahaa 
tion of pH | Albumin} ——— ———__—_—_——-| Albumin | 
acetic acid | a | an D B Y a a2 D 8 Y 
, ; | | | 
| | 58.3 | 5 2/10 4 14.0)12.1 —6.4 —5.2)—4.1| —3.0/—1.3 
0.204 | 4.06 | 57.1) 5.612.1| — [13.2)12.0/ —6.4 |—5.2|—-4.1) — |-3.0|-1.2 
0.735 | 3.70 53.1 9.4)14 8 11.0)11.7; -—6.3 j—5.1/—-4.0 —3.1/-—1.2 
1.47 | 3.40 | 47.0 {14.9 28.0) 10.1) —6.3 |—5.2| "3.7 —1.2 
2.94 | 3.10) 45.0 /16.0) 34.8) 4.2) —6.3 |-5.3)  |-3.6) —1.2 
5.88 | 2.80 47.8 10.0, 40.8) 1.4! —6.3 |—5.2! |—3.6) —1.3 
H | } | 











Electrophoresis was carried out in a sodium diethyl barbiturate buffer at pH 8.6 
and 0.1 ionic strength. 


tested! Only in Fraction IV-1, which contains a-, a-, and 6-globulins, 
traces of albumin and y-globulin, and which is characterized by a lipide 
content of 15.0 per cent, was a change similar to the one in serum noticed. 
This suggests the lability of lipide-protein linkages as the cause of the D 
peak. Another observation seems worth recording. In Fig. 2 are shown 
the electrophoretic patterns of y-globulin before and after treatment with 
acetic acid at pH 3.0 for 30 minutes. The average mobility, u = —1.2 x 
10“ cm.? sec.—! volt“, remains unchanged. The somewhat greater homo- 


‘The products of plasma fractionation employed in this work were developed 
from blood, collected by the American Red Cross, by the Department of Physical 
Chemistry, Harvard Medical School, Boston, under a contract recommended by the 
Committee on Medical Research between the Office of Scientific Research and De- 
velopment and Harvard Medical School. 
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geneity of the pattern in Fig. 2, B, however, is accompanied by an in. | 
crease of irreversibly denatured protein which, in the presence of neutral] | 
salt, precipitates in the neighborhood of the isoelectric pH of this protein, | 
Moreover, it seems of interest to consider this result in connection with the 
one described above; namely, that exposure of purified y-globulin to pH 3.0 
in the presence of acetic acid does not alter the mean mobility of the protein 


A. Normal 


t => d 


B. Acetic acid treated 


a < 4 > d | 











— t 


— 








1 
Fig. 2. Electrophoretic patterns of human y-globulin. The patterns were ob ( 
tained from a 1.0 per cent protein solution in sodium diethyl barbiturate buffer at d 
pH 8.6 and 0.1 ionic strength at a potential gradient of 5.2 volts per cm. for 10,80 
seconds. 

: : i 
fraction, whereas the same treatment causes this component to disappear f 
in the serum. 

DISCUSSION : 

It is apparent from the results presented in this paper that marked alter- 
ations occur in the distribution of electrophoretic components of serum } 4 
after exposure to acetic acid for 30 minutes. These changes occur ina rel : 
atively short time and are dependent on the pH of the solution. No ex 5 
periments to give a detailed account of the nature of this particular den 6. 
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turation have been carried out. From the fact that exposure to acetic acid 
of the purified plasma fractions, e.g. albumin and y-globulin, does not pro- 
duce a significant shift of the electrophoretic mobilities, we may assume 
that the prevailing experimental conditions do not alter markedly the 
number of ionizable groups of these proteins. In the case of the lipide- 
rich protein fraction, Fraction IV, however, a change in the electrophoretic 
behavior was noticed. This leads us to believe that fission of lipide- 
protein linkages may be the cause of this phenomenon. The splitting of 
such bonds and a simultaneous recombination of molecules may readily 
yield aggregates of different size, but with a similar charge distribution 
such a mechanism could easily explain the formation of the D peak ob- 
served in the case of serum. A similar result was obtained by Tiselius and 
Horsfall in their work on the dissociation and reassociation of different 
hemocyanins (6). 

From a comparison of the effect of acetic acid on serum proteins with 
that of other acids, z.e. hydrochloric acid, lactic acid, and the glycine- 
hydrochloric acid mixture, it is apparent that the formation of the D 
component at pH 3.0 is relatively specific for the presence of acetate ions. 
It therefore seems worth while to stress that denaturation does not de- 
pend on the nature of the protein and the acidity of the medium alone, 
but that the type of ions present in the medium also plays a rdle in deter- 
mining the degree of stability of a protein. Moreover, it was noticed that 
under any given experimental condition the rate of denaturation may be 
enhanced considerably by the presence of neutral salts. 


SUMMARY 


Exposure of serum to acetic acid at pH values below 4.0 causes an irre- 
versible denaturation of the proteins. This phenomenon is dependent on 
the pH of the solution. At pH 3.0, a new electrophoretic component, 
designated as D, was observed, which migrates with a mobility interme- 
diate to mobilities of the a2- and 8-globulins. 


The authors are indebted to Dr. J. L. Oncley of the Department of Phys- 


ical Chemistry, Harvard Medical School, Boston, for supplying the plasma 
fractions. 
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THE SYNTHESIS OF pit-TRYPTOPHAN-§-C'*, INDOLE-3- 
ACETIC ACID-a-C"%, AND pit-TRYPTOPHAN-3-C"* * 


By CHARLES HEIDELBERGERf 


(From the Radiation Laboratory and the Department of Chemistry, University of 
California, Berkeley) 


(Received for publication, January 17, 1949) 


The first recorded synthesis of tryptophan, by Ellinger and Flamand in 
1908 (1), involved the condensation of indole-3-aldehyde and hippuric 
acid in a typical azlactone reaction. The yield in the synthesis was much 
improved in 1935 by Boyd and Robson (2), who employed hydantoin in- 
stead of hippuric acid for the condensation. This reaction has recently 
been used by Bond (3) in the preparation of pL-tryptophan-carboxyl-C™. 
In 1944 Snyder and Smith (4) and Albertson, Archer, and Suter (5) inde- 
pendently reported almost identical synthesis of tryptophan by the con- 


” HAc 
+ CH,O + (CH,).NH — 


7 





H 
CH(COOEt), 
- 
CH:N(CH); yHcocH, a 
y) (CHs),SO, — 
NaQEt 


H 
33% based on CO, 


vd * / * 
. CH,C(COOEt), ; an 7 ~CH:CHCOOH 
| i 


An’ Seon 3. H,SO, 


H 





| 
SANZ NH, 
| 


H 
82% 76% 
*This paper is based on work performed under contract No. W-7405-eng-48 with 


the Atomic Energy Commission in connection with the Radiation Laboratory, Uni- 
versity of California, Berkeley. 











This system of nomenclature is in accord with that proposed by Calvin, Heidel- 


berger, Reid, Tolbert, and Yankwich (13). The 8-carbon is in the side chain and 
the 3-carbon is in the indole ring. 


{Present address, McArdle Memorial Laboratory, Medical School, University 
of Wisconsin, Madison. 
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densation of gramine withethyl acetamidomalonate, followed by hydrolysis. 
Suitable modifications of these procedures were employed in the synthesis 
of pu-tryptophan-8-C'4, The isotopic indole acetic acid was prepared from 
gramine by modifications of a known method (6), which involves the alkyla- 
tion of potassium cyanide by gramine, followed by hydrolysis. The reac- 
tions and the yields obtained are indicated by the equations shown in the 
accompanying scheme. 

The isotopic formaldehyde was prepared from methanol, which was ob- 
tained from carbon dioxide by high pressure hydrogenation (7). The prep- 
aration of pL-tryptophan-3-C" is indicated in the experimental section. 

We are deeply grateful to Mrs. F. Christensen and Dr. B. M. Tolbert for 
the preparation of the formaldehyde, and to Dr. W. G. Dauben for the 
benzoic acid-carboxyl-C'* used in these syntheses. 


EXPERIMENTAL 


Copper hydroxide, freshly precipitated from a cupric nitrate! solution by 
the addition of dilute ammonium hydroxide, was washed thoroughly with 
water and applied to a copper screen, which was rolled, inserted into a small 
quartz tube, and reduced with hydrogen at 450°. The labeled methanol, 
which contained water, was passed over the catalyst (600°) with a stream 
of air from a small bubbler heated to 70°. The reduction products were 
trapped in a small bubbler containing 1 ml. of water and a trace of metha- 
nol. The unabsorbed gases were passed through a combustion furnace to 
recover the radioactive carbon. The yields of formaldehyde varied from 
40 to 60 per cent. The formaldehyde, thus obtained from methanol follow- 
ing the reduction of 25 mm of labeled carbon dioxide, was added to a chilled 
mixture of 1.42 gm. of 33 per cent aqueous dimethylamine and 1.42 gm. of 
glacial acetic acid, and the solution was quickly added to 1.10 gm. of indole. 
Heat was evolved, the indole dissolved, and the mixture was allowed to 
stand at room temperature for 18 hours. The light yellow solution was 
then added dropwise to an ice-cold solution of 1.42 gm. of sodium hydroxide 
in 20 ml. of water, and a white crystalline precipitate of gramine was 
formed, which melted at 121-126°. Yield, 1.39 gm. (33 per cent based on 
carbon dioxide); specific activity, 152,000 counts per minute per mg. 

The crude gramine, 1.29 gm., was allowed to react at room temperature 
with a mixture from 0.18 gm. of sodium in specially dried absolute ethandl, 
and 1.70 gm. of ethyl acetamidomalonate and 1.2 ml. of dimethy! sulfate 
were added as described (5). Yield, 2.10 gm. (82 per cent); m.p., 13l- 
133.5°. 

The ester, 2.10 gm., was refluxed for 3 hours with a solution of 1.20 gm. 


1 Mallinckrodt Chemical Works reagent grade copper nitrate gave better yields 
of formaldehyde than any of five other samples tested. 
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of sodium hydroxide in 10 ml. of water, and on cooling and acidification 
1.57 gm. (90 per cent) of the malonic acid, m.p. 135-138° (with decomposi- 
tion), were obtained. When this compound was heated to 140°, smooth 
decarboxylation occurred, and the acetyltryptophan so obtained was re- 
erystallized from an alcohol-water mixture containing a trace of sodium 
hydrosulfite to give a yield of 92 per cent, m.p. 206-208°. Hydrolysis was 
accomplished by heating 0.53 gm. for 4 hours under nitrogen with 6 ml. of 
2n sulfuric acid. About 30 ml. of water were added, and the solution was 
heated, decolorized with charcoal, and neutralized to phenolphthalein with 
barium hydroxide. The hot solution was filtered free of barium sulfate and 
evaporated to dryness. The resulting tryptophan was recrystallized al- 
most quantitatively from 15 ml. of acetic acid and 15 ml. of benzene, and 
0.54 gm. (82 per cent) of glistening, colorless plates of tryptophan acetate 
salt containing a molecule of acetic acid of crystallization was obtained. 
This represents an over-all yield of 19 per cent based on carbon dioxide. 
The specific activity was 132,000 counts per minute per mg. (approximately 
1 yc. per mg.). 

Analysis—C,sH200sN2. Calculated. C 55.52, H 6.15 

Found. ** $5.52, “* 6.12 

Indole-3-acetic Acid-a-C'*—Gramine, 50 mg., and potassium cyanide, 38 
mg., were dissolved in 1 ml. of 50 per cent ethanol, 0.1 ml. of dimethyl sul- 
fate was added, and the mixture was refluxed for 14 hours. The alcohol 
was then distilled, and the crude nitrile separated as a yellowish oil, which 
was extracted with ether. After evaporation of the ether, the nitrile was 
refluxed for 48 hours with 50 mg. of potassium hydroxide dissolved in 2.5 
ml. of ethanol with 10 drops of water. The alcohol was then evaporated, 
and more water was added. The solution was extracted with ether to re- 
move a small amount of nitrile and then acidified. The indole acetic acid 
thus obtained was recrystallized from water. Yield, 25 mg. (50 per cent, 
m.p. 163-165°) ; specific activity, 130,000 counts per minute per mg. 

Analysis—C,o0H,O.N. Calculated. C 68.56, H 5.18 

Found. ** 68.32, ‘* 5.29 

The acid was then converted to the sodium salt for storage. 

pi-Tryptophan-3-C'4—This ring-labeled tryptophan was prepared in very 
low yield by the following series of reactions, in which no special modifica- 
tions were made in the standardized procedures. 


* x * 
C,H,C H;COOC.H; —— 
sH;COOH rye C.H; ots 73% C.H;CH; re 


o- and p-nitrotoluenes ———> o0- and p-aminotoluenes rr 
0 


o- and p-formylaminotoluenes 3% indole-3-C“ — tryptophan-3-C™ as before 
(9) 
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Carboxyl-labeled benzoic acid, 10 gm., was esterfied by the azeotropic 
method (8), and the ethyl benzoate was hydrogenated to toluene at 250° 
over copper-chromite catalyst (9). The toluene was nitrated in sulfuric 
acid solution (10), and the mixture of o- and p-nitrotoluene was hydrogen- 
ated in benzene solution at 210° over a nickel on kieselguhr catalyst (11). 
The crude amines were refluxed with 90 per cent formic acid and converted 
into indole (0.39 gm.), by treatment with potassium tert-butoxide followed 
by pyrolysis (12). Only the ortho isomer gave indole. The over-all yield 
of indole from benzoic acid was 8.5 per cent. The indole was then con- 
verted into tryptophan, with non-isotopic formaldehyde, by the series 
of reactions used for the 8-labeled compound and in substantially the same 
yield. The specific activity was 6800 counts per minute per mg. 


SUMMARY 


1. pt-Tryptophan-8-C", indole-3-acetic acid-a-C', and pL-tryptophan- 
3-C!4 have been synthesized. 
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TRYPTOPHAN METABOLISM 


I]. CONCERNING THE MECHANISM OF THE MAMMALIAN CONVERSION 
OF TRYPTOPHAN INTO KYNURENINE, KYNURENIC ACID, 
, AND NICOTINIC ACID* 


By CHARLES HEIDELBERGER,t MARY E. GULLBERG, AGNES FAY 
MORGAN, anp SAMUEL LEPKOVSKY 


(From the Department of Chemistry and the Radiation Laboratory, and the 
Department of Home Economics and the Division of Poultry Husbandry, 
College of Agriculture, University of California, Berkeley) 


(Received for publication, January 17, 1949) 


One of the first metabolic products of tryptophan to be reported was 
kynurenic acid, which was isolated by Ellinger in 1904 (1) from the urine 
of dogs that had been fed the amino acid. He characterized the compound 
correctly except for the assignment of the carboxyl group to the 3 position 
in the quinoline ring, but its correct location at the 2 position was deter- 
mined soon afterward (2). Another apparent metabolic product, kynure- 
nine, was discovered in 1931 by Kotake and Iwao (3), who assigned an in- 
correct structure to this molecule. In 1943, however, Butenandt et al. (4) 
determined its structure and confirmed it by synthesis. A third metabo- 
lite, xanthurenic acid, was isolated from the urine of pyridoxine-deficient 
rats that had previously been fed tryptophan (5). 

Krehl et al. (6) in 1945 showed that rats would grow rapidly on low nico- 
tinic acid diets containing corn, provided that additional tryptophan was 
added, and called attention to the possibility of a metabolic interrelation 
of this amino acid and nicotinic acid. They suggested that these results 
might be due at least in part to the intestinal flora. Shortly afterwards 
Rosen, Huff, and Perlzweig (7) demonstrated an increased excretion of nico- 
tinic acid and N-methylnicotinamide in the urine of rats following the ad- 
ministration of tryptophan and suggested that tryptophan is converted into 
nicotinic acid. Since that time this conversion has been found to take place 
in humans (8) and several other mammals. A first understanding of the 
mechanism of this transformation resulted from the work of Beadle, Mitch- 
ell, and Nyc (9), who demonstrated that kynurenine is an intermediate in 
the conversion of tryptophan into nicotinic acid in mutant strains of Neuro- 


*This paper is based on work performed under contract No. W-7405-eng-48 with 
the Atomic Energy Commission in connection with the Radiation Laboratory, 
University of California, Berkeley. 

t Present address, McArdle Memorial Laboratory, Medical School, University 
of Wisconsin, Madison. 
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spora. It seemed desirable to ascertain whether this same mechanism 
might apply to mammals as well and to gain further definite evidence as to 
the exact nature of the conversion of tryptophan into kynurenine and 
kynurenic acid. Accordingly, the experiments with isotopic tryptophan 
(10) were undertaken, and a preliminary summary of our results has al- 
ready been reported (11). During the course of this work, Mitchell and 
Nyc reported that 3-hydroxyanthranilic acid is also an intermediate in the 
conversion of tryptophan into nicotinic acid in Neurospora (12), and they 
obtained evidence from dietary experiments (13) that the compound also 
participates in the sequence of reactions in the rat. Further confirmation 
was afforded by the experiments of Albert, Scheer, and Deuel (14), who 
demonstrated increased excretion of N-methylnicotinamide in the urine of 
rats that had been given the hydroxyanthranilic acid. Kotake apparently 
has obtained independent evidence for these metabolic pathways.’ 
We are grateful to Mrs. Martha Kirk and Mrs. Olga Nave for technical 
assistance. 
EXPERIMENTAL 
Isolation of Kynurenine 
A young, mature rabbit was maintained for 3 weeks on a diet of polished 

rice, cooked in a minimum of water. On this régime, the animal lost 25 
per cent of its weight. A suspension of 4.00 gm. of pL-tryptophan-8-C in 
isotonic saline (30 ml.) was then injected subcutaneously. The urine was 
collected under toluene, and the t-kynurenine sulfate was isolated by slight 
modifications of the method of Butenandt et al. (4). The 48 hour urine 
which gave a strong qualitative test for kynurenine was acidified with sul- 
furic acid and filtered. The filtrate was concentrated at room temperature 
to one-fifth of its volume; ethanol, sufficient to make an 80 per cent solu- 
tion, was added, and the solution was allowed to stand for 2 days in the re- 
frigerator. At the end of this time, the crystalline kynurenine was filtered 
and recrystallized from dilute ethanol. The kynurenine sulfate which still 
contained considerable inorganic impurities was converted into the acetate 
salt by crystallization from acetic acid-benzene, and 350 mg. of an analyti- 
cally pure sample were obtained. Its specific activity was determined by 

combustion. 

The specific activity of administered tryptophan was 308 counts per mil- 
ute per mg.; the specific activity of kynurenine acetate was 113 counts per 
minute per mg. If the entire dose of tryptophan were converted directly 
into kynurenine, its specific activity would have been 303 counts per mil- 
ute permg. Therefore, there was a dilution of 63 per cent by the body pool 
of tryptophan and kynurenine. 


1 Private communication from Dr. R. Kinoshita. 








ca 
tiv 


wit 
wa 
Wa 
act 


on ; 
pha 
the 
ther 
kyn 
with 
yell 
and 


The 
per 

adm 
its g 
fore, 


nine, 


Was | 
dese) 





7m 
to 
nd 
an 
al- 
ind 
the 
hey 
ilso 
hon 
who 
e of 
ntly 


nical 


ished 
st 25 
C™ in 
e Was 
slight 
urine 
th sul- 
rature 
t, solu- 
the re- 
filtered 
ch still 
acetate 
unalyti- 
ined by 


yer mil- 
ints per 
directly 
yer min- 


nal 
ody poo 





a — 





HEIDELBERGER, GULLBERG, MORGAN, AND LEPKOVSKY 145 


Kynurenine Degradation 


The kynurenine acetate thus obtained was treated with sodium hypo- 
jodite, and iodoform of correct specific activity was obtained, indicating 
that only the 6-carbon atom of the compound contained the label. This 
reaction involves the oxidation of the a-amino acid group with the loss of 
carbon dioxide and ammonia to give o-aminobenzoylacetaldehyde (15) 
which is then cleaved in alkali in either of the two possible ways, each of 
which would give iodoform derived from the same carbon atom on reaction 
with another molecule of hypoiodite. 

The labeled kynurenine acetate, 3.2 mg., was diluted with 50.4 mg. of 
carrier kynurenine acetate, and after one recrystallization its specific ac- 
tivity was determined by the direct plating technique (16) and found to be 
6.8 counts per minute per mg. This sample, 35 mg., was boiled for 1 hour 
with N sodium hydroxide, then cooled, and a solution of sodium hypoiodite 
wasadded. ‘The iodoform, which separated immediately, was centrifuged, 
washed with water, and recrystallized from dilute ethanol. The specific 


activity, determined by direct plating, was 4.7 counts per minute per mg. 
(calculated, 4.8 counts per minute per mg.). 


Kynurenic Acid Isolation 


Two young male dogs of pure bred cocker spaniel stock were maintained 
ma stock diet (17), and each was given a solution of 500 mg. of pL-trypto- 
phan-8-C14 in 5 ml. of water containing enough hydrochloric acid to dissolve 
theamino acid. The urines were collected under toluene for 36 hours and 
then pooled and acidified with sulfuric acid. A blackish precipitate of crude 
kynurenic acid was obtained by centrifugation and clarified three times 
with charcoal in an alkaline solution, followed by acidification. The light 
yellow crystalline solid was then recrystallized twice from dilute acetic acid, 
and 150 mg. of pure kynurenic acid was obtained. 


Analysis—C,oH;O;N. Calculated, C 63.5, H 3.7; found, C 63.2, H 3.9 


The specific activity of the ingested tryptophan was 460 counts per minute 
per mg., that of kynurenic acid, 143 counts per minute per mg. If the 
administered tryptophan had been converted directly into kynurenic acid, 
its specific activity would have been 496 counts per minute per mg. There- 
lore, it was diluted 71 per cent by the body pool of tryptophan and kynure- 
nine, 
Kynurenic Acid Degradation 

The position of the labeled carbon atom in the radioactive kynurenic acid 
vas established with considerable certainty by use of a series of reactions 
(eseribed in the literature (18). Kynurenic acid when heated to 300° under- 
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goes smooth decarboxylation, and 4-hydroxyquinoline is obtained. When 
this reaction was carried out on the labeled compound, the evolved carbon 
dioxide was devoid of radioactivity, proving that the label is not in the ear. 
boxyl group. 

The kynurenic acid, (1) 20 mg., was treated for 5 hours at 55° with a solu- 
tion containing 10 mg. of potassium hydroxide and 64 mg. of potassium 
permanganate in 3 ml. of water. The manganese dioxide was removed 
by centrifugation, and the excess permanganate was decolorized by the 
addition of a few drops of sodium sulfite. The colorless solution was acidi- 
fied, and colorless needles of o-carboxyoxanilide (II) were obtained, which 
recrystallized from hot water to give 7.4 mg. of purified product, specific 
activity 127 counts per minute per mg. (calculated, 130). 

The tagged compound, 2.01 mg. with 30.7 mg. of carrier, was refluxed 
for 3 hour with 2 ml. of 2.5 n hydrochloric acid, 100 mg. of anhydrous cal- 
cium chloride in 2 ml. of water were added, and the solution was taken to 
pH 8 with ammonium hydroxide. The calcium oxalate was filtered, washed 
with alcohol and ether, and plated directly. Yield, 15.5 mg. (87 per cent); 
specific activity, 11.6 counts per minute per mg. (calculated, 12.2). This 
proves that the label is in the side chain of the o-carboxyoxanilide and must 
have been derived from positions 2 or 3 of the kynurenic acid. 

When heated above its melting point, o-carboxyoxanilide evolves carbon 
dioxide and carbon monoxide, and the radioactivities of these gases were de- 
termined. A mixture of 3.79 mg. of active and 42.4 mg. of carrier oxanilide 
was placed in a small flask and heated to 215°. The effluent gases were 
swept with nitrogen through a sodium hydroxide bubbler, then through 
a tube filled with copper oxide at 600°, and finally through a second s0- 
dium hydroxide bubbler. The carbon dioxide was absorbed first, and the 
carbon monoxide was oxidized to carbon dioxide in the combustion tube, 
trapped in the second bubbler, and then precipitated as barium carbonate. 
The barium carbonate derived from the evolved carbon dioxide weighed 
34.5 mg. (80 per cent corrected for the blank) and had a specific activity of 
10.6 counts per minute per mg. (calculated, 10.5). The barium carbonate 
derived from the carbon monoxide weighed 12.5 mg. (29 per cent) and was 
completely without radioactivity. This proves that only one of the two 
possible carbon atoms in the kynurenic acid was labeled. It seemed most 
likely that the carbon dioxide obtained during the decomposition of the 
o-carboxyoxanilide (II) arose from the carboxyl group, and the carbon 
monoxide from the carbonyl group. If this were true, the intermediate 
formed after the initial loss of carbon dioxide would be formylanthranilic 
acid (III), which should liberate carbon monoxide when heated. This hy- 
pothesis was tested by the use of a synthetic sample, and a 34 per cent yield 
of carbon monoxide was obtained. This is in fair agreement with the 38 
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per cent that would be predicted on the basis of the results obtained from 
the decomposition of the o-carboxyoxanilide. Thus it is extremely prob- 
able that only the 3 position in kynurenic acid was labeled. 
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TABLE I 
Radioactivities and Fluorometric Data 
| N-Methyl- | eg specific 
| sicotinamide, | To! cpunte | activity, counts 
| mg. 
a shia ea i ee a ot pene Pembbagl 
Tryptophan administered................... | 1,020,000 4900 
Urine (before tryptophan feeding).......... 42 | 0 | 
“ (after se ae PE oe 450 | 7,400 | 
OI sis. 55s 04a ca dase ime veces 0 4,200 
Pemeeet-IKC] eluate. ... 22.2.0... ccc ccc cees 115 210 
N-Methylnicotinamide picrate.............. | Carrier | 0 0 





N-Methylnicotinamide Experiment 


Three young male rats (average weight, 300 gm.) of the Department of 
Home Economics stock colony were maintained for 1 week on a nicotinic 
acid-deficient diet (19) at the 12 per cent casein level, an aqueous solution 
of 65 mg. of pi-tryptophan-8-C"™ was given each by stomach tube, and 
their urines were collected under toluene for 36 hours and pooled. The 
N-methylnicotinamide was isolated by the procedure of Hochberg, Melnick, 
and Oser (20) and followed fluorometrically by the method of Huff and 
Perlaweig (21). The urine was diluted with acetate buffer at pH 4.5, and 
the mixture was then passed over a permutit column. The N-methylnico- 
tinamide was then eluted with hot potassium chloride solution. Both fil- 
trate and eluate were collected. Each step was followed by fluorometric 
analysis for N-methylnicotinamide and by radioactivity measurements. 
The results are shown in Table I. To the potassium chloride eluate were 
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added 50 mg. of N-methylnicotinamide chloride as carrier, and the solution 
was concentrated to dryness in a vacuum. The residue was extracted sey- 
eral times with boiling 95 per cent ethanol, and the filtered extract was evap- 
orated to dryness and reextracted with ethanol. The solution was concen- 
trated to 3 ml., and several drops of a saturated solution of picric acid 
in ethanol were added. The picrate salt of N-methylnicotinamide was ob- 
tained (35 mg., m.p. 178-183°), which was recrystallized from ethanol. 
The melting point was 187-188° and was not depressed on admixture with 
an authentic sample. A direct plate was made from 12.3 mg. of this puri- 
fied picrate, and no radioactivity could be detected even when it was placed 
in the nucleometer. If the radioactive carbon atom had been retained in 
this conversion, there would have been 414 counts per minute on the plate, 

A similar experiment was carried out in which the labeled kynurenine, 
obtained from rabbit urine, was administered to nicotinic acid-deficient 
rats. Although the N-methylnicotinamide excretion was increased from 
145 to 730 y, there was no detectable radioactivity in the picrate isolated as 
described. _ 

DISCUSSION 

The fact that kynurenine and kynurenic acid, isolated from the urines of 
animals that had been given labeled tryptophan, were radioactive proves 
that the conversion of the amino acid into these products had actually taken 
place. The lowered specific activities of the products indicate consider- 
able dilution of the administered dose by the body pools of tryptophan and 
the other intermediates. The demonstration that the 8-carbon atom of 
tryptophan becomes the 8-carbon of kynurenine proves that the change 
takes place by only one possible mechanism, which is indicated in the for- 
mulas, and which is identical with that previously demonstrated in 
Neurospora (9). In addition the ring closure of kynurenine to kynurenic 
acid is clearly demonstrated for the first time, as shown in the accompany- 
ing scheme. 
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It is evident that the indole ring becomes oxidized, possibly through the 
intermediate of 2-hydroxytryptophan. The next product of the oxidation 
might then be formylkynurenine, which would immediately be hydrolyzed 
in the body to kynurenine. The conversion of kynurenine to kynurenic 
acid might be formulated by the oxidative deamination of the a-amino 
group in kynurenine (another example of this well known biochemical 
transformation), followed by an intramolecular condensation between the 
o-amino group and the a-keto group to give the quinoline derivative, kynu- 
renic acid. It had seemed possible that kynurenic acid might further be 
oxidized to give nicotinic acid, an attractive hypothesis because of the 
pyridine ring already present in the molecule. If this were the case, the 
nicotinic acid isolated would have been radioactive. The lack of radio- 
activity of the N-methylnicotinamide picrate shows that under the condi- 
tions of our experiments less than 0.005 per cent of the observed conversion 
could have taken place by such a mechanism. Therefore the side chain of 
tryptophan must be lost during the transformation. We have no direct evi- 
dence in these experiments for the participation of 3-hydroxyanthranilic 
acid as an intermediate, but our results are certainly compatible with such 
a mechanism. 


SUMMARY 


1, Experiments with radiocarbon prove that pL-tryptophan is converted 
into kynurenine in rabbits and kynurenic acid in dogs. 

2. The 8-carbon atom of the tryptophan becomes the 6-carbon of kynu- 
renine and the 3-carbon atom of kynurenic acid. Thus the conversion 
takes place by only one mechanism. 

3. The administered dose of tryptophan is considerably diluted by the 
body pool of this substance and other intermediates. 


4. The side chain of tryptophan is lost during its conversion into nico- 
tinic acid. 
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Although the conversion of tryptophan into nicotinic acid had been 
demonstrated by numerous nutrition experiments for the past several 
years, relatively little was known about the mechanism of this change until 
the recent studies by Mitchell and Nyc (1) on mutant strains of Neurospora 
proved that 3-hydroxyanthranilic acid is a key intermediate in the meta- 
bolic sequence. That the same compound is involved in the mammalian 
conversion is indicated by the feeding experiments of Mitchell, Nyc, and 
Owen (2), who reported that it could maintain growth of rats on a nicotinic 
acid-deficient diet, and by Albert, Scheer, and Deuel (3) who found an in- 
creased excretion of N-methylnicotinamide by rats fed this substance. In 
the isotopic experiments (4) the fact that the labeled 6-carbon atom of 
tryptophan did not appear in the nicotinic acid proved that the side chain 
is lost in the transformation, and this observation is also consistent with 
the existence of 3-hydroxyanthranilic acid as an intermediate. However, 
since we had not demonstrated by tracer experiments the conversion of 
tryptophan into nicotinic acid, a differently labeled tryptophan-3-C' was 
synthesized (5) so that this point might be proved. It was also hoped 
that further light might be shed on the rather obscure mechanism of the 
) transformation of 3-hydroxyanthranilic acid into nicotinic acid. 

We wish to thank Dr. A. F. Morgan for her generosity in making the 
facilities of her laboratory available for these investigations. Weare grate- 


*This paper is based on work performed under contract No. W-7405-eng-48 with 
the Atomic Energy Commission in connection with the Radiation Laboratory, Uni- 
versity of California, Berkeley. We are also indebted to the Rockefeller Founda- 
, tion for support. 
t Present address, McArdle Memorial Laboratory, Medical School, University 
of Wisconsin, Madison. 


t On leave from the Sir William Dunn School of Pathology, University of Oxford, 
England. 


‘In the preliminary account of this work (6), the asterisk in the tryptophan 


formula was incorrectly represented as being over the 8- instead of the 3-carbon 
atom, 
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ful to Mrs. Olga Nave, Mrs. Martha Kirk, and Mrs. Yvonne Stone for 
technical assistance, and deeply indebted to Mrs. Mary E. Gullberg and 
Miss Dorothea Maybee who generously volunteered their services for 
these experiments. 


TaBLeE [ 
Fluorometric Data 


N-Methylnicotinamide, 
total 


i 
Urine before tryptophan feeding......................eeceecees 38 

‘* after ie "= Bale ee ah ovarerh nceuetn wes chara are aeerd 790 
Permutit-KCl eluate....... Sr ee ee Lake pam smeaoe Aes 8:6 175 


TABLE II 
Radioactivities 
Specific activity, counts 
| Total counts per min. per mg. 
per min. andere icine 
Found Calculated 
Tryptophan administered................... 620, 000 | 2740 
RMN e eC a os gh os pica) Ai et aneaee cect “iezeae 4 } 
N-Methylnicotinamide picrate....... bi 79 CO 0.75 3.5* 
MIOOLINIGHACIO.. 65d. 0). ko 6 0 ST ats ic, fs 70 2.0 2:2 
Barium carbonate from nicotinic acid de- 
carboxylation.......... seareinte ete Sarl ass x 21 | 1.3 1.2 


* This figure is calculated as follows. Assuming the direct conversion of the ad- 
ministered dose and the specific activity of tryptophan to be equal to 2.74 counts per 
minute per microgram, then the specific activity of N-methylnicotinamide chloride 
would be 3.25 counts per minute per microgram. Since there were 1757 in the eluate, 
there would be 3.25 X 175 = 570 counts per minute total. Now, 76mg. of carrier were 
added, so that the specific activity of the N-methylnicotinamide chloride would be 
7.5 counts per minute per mg., which is equivalent to 3.5 counts per minute per mg. 
of the picrate. Thus, there was a 5-fold dilution by the body pools of tryptophan 
and nicotinic acid (and the various intermediates) in this experiment. 


EXPERIMENTAL 


Three young, male rats were fed for a week with a 12 per cent caseil- | 
niacin-deficient diet (7) and were then each given by stomach tube a solu- 
tion of 75 mg. of DL-tryptophan-3-C"™ in 2 ml. of water. The urines were 
collected under toluene for36 hours and pooled. The N-methylnicotinamide 
was determined fluorometrically (8) throughout the experiment, and the 
results are indicated in Table I. The radioactivities were also followed, and | 
these results are shown in Table II. These measurements were carried | 
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out with an internal proportional counter (nucleometer) by means of the 
direct plating technique (9). The N-methylnicotinamide isolation was 
carried out according to a known procedure (10). 

The urine (16 ml.) was collected; 14 ml. were diluted to 50 ml. with 
acetate buffer at pH 4.4 and passed through a permutit column. Fluoro- 
metric analysis indicated that no N-methylnicotinamide was present in 
the filtrate. The compound was eluted from the column by washing with 
15 ml. of hot 25 per cent potassium chloride, followed by 125 ml. of water. 
Carrier N-methylnicotinamide chloride (76 mg.) was added to the eluate, 
and the mixture was evaporated to dryness ina vacuum. The residue was 
extracted with three 50 ml. portions of 95 per cent ethanol, and the extract 
again evaporated to dryness. The residue was then reextracted with 95 
per cent ethanol and centrifuged clear. After addition of a solution of 
picric acid in ethanol to the extract, a precipitate of the picrate of N-methyl- 
nicotinamide was obtained, which was recrystallized twice from 90 per 
cent ethanol. The purified picrate, 106 mg., m.p. 187—188°, gave no de- 
pression of the melting point on admixture with an authentic sample. 

The radioactive picrate, 105 mg., was converted into the corresponding 
chloride by solution in dilute hydrochloric acid, followed by extraction of 
the free picric acid with ether. The N-methylnicotinamide chloride was 
heated with 1.5 ml. of concentrated hydrochloric acid in a sealed tube for 
27 hours at 250°. The resulting solution was evaporated to dryness, the 
residue was dissolved in 3 ml. of water, and the solution was made slightly 
alkaline with sodium hydroxide. This solution was then boiled until the 
evolution of ammonia ceased, neutralized, and mixed, while hot, with 60 
mg. of copper sulfate in 0.5 ml. of water. The mixture was cooled, and the 
copper salt of nicotinic acid was filtered and washed with cold water. The 
salt was suspended in 5 ml. of water, and decomposed with hydrogen sul- 
fide. Evaporation of the solution gave 35 mg. of nicotinic acid, m.p. 
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218-220° (uncorrected). This melting point was not raised by recrystalli- 
zation of the compound from moist butanol, nor was it depressed on admix- 
ture of an authentic sample of nicotinic acid. 

The radioactive nicotinic acid, 13.4 mg., was heated with quinoline and 
copper-chromite catalyst (11) to 285°. The carbon dioxide resulting from 
the decarboxylation was swept with pure nitrogen into a bubbler contain- 
ing sodium hydroxide and was then precipitated as barium carbonate, 
The specific activity of the barium carbonate indicates that the entire 
radioactivity of the nicotinic acid was present in the carboxy] group. 


DISCUSSION 


These tracer experiments together with the ones with tryptophan-§-C™ 
(4) prove that the conversion of tryptophan into nicotinic acid in the in- 
tact mammal takes place by a mechanism identical to that already demon- 
strated to occur in Neurospora. 

The conversion of tryptophan into kynurenine had been demonstrated, 
and evidence is presented in the preceding paper that this occurs directly 
and by only one mechanism. Now it has been shown that carbon atom 3 
in the indole ring of tryptophan becomes the carboxyl carbon of nicotinic 
acid. (Throughout this work we have referred to nicotinic acid as the end- 
product of this sequence of reactions, although we have in all cases isolated 
N-methylnicotinamide. Hundley and Bond (12) have shown in experi- 
ments with C™ that nicotinic acid is excreted almost quantitatively as its 
N-methyl amide.) Although we have no direct evidence for the formation 
of 3-hydroxyanthranilic acid in these experiments, our results are consistent 
with its participation in the metabolic sequence and there can be little 
doubt from the work of others that it is an intermediate. 

It is clear that the tagged indole 3-carbon atom is the precursor of the 
carboxyl carbon of the hydroxyanthranilic acid, so that it has now been 
demonstrated that the carboxyl group of hydroxyanthranilic acid becomes 
the carboxyl group of nicotinic acid. Although the exact mechanism of 
this conversion of a benzene into a pyridine derivative still remains to be 
elucidated, this observation should be of some importance in the final solu- 
tion of the problem. It seems rather likely that the benzene ring opebs, 
carbon atom 3 which carried the hydroxy] group is lost, and that ring closure 
is effected somehow between carbon atom 2 and the nitrogen atom. Hov- 
ever, the details of these reactions remain to be ascertained. 


SUMMARY 


1. The conversion of tryptophan into nicotinic acid in the rat has been 
established with certainty by isotopic experiments. 
2. The mechanism of this change is identical with that previously showa 
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Mhi- for Neurospora and consists of a sequence in which the principal compounds 

1ix- are tryptophan, kynurenine, 3-hydroxyanthranilic acid, and nicotinic acid. 
3. Carbon atom 3 in the indole ring of tryptophan, the precursor of the 

and carboxyl carbon atom of the 3-hydroxyanthranilic acid, becomes the ecar- 

rom boxyl carbon atom of the nicotinic acid. 
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A FLUOROMETRIC METHOD FOR THE DETERMINATION OF 
THE 6-PYRIDONE OF N!-METHYLNICOTINAMIDE 
IN URINE* 


By FRED ROSEN,t WILLIAM A. PERLZWEIG, anp IRWIN G. LEDER 


(From the Department of Biochemistry, Duke University School of Medicine, 
Durham, North Carolina) 


(Received for publication, January 10, 1949) 


Since Knox and Grossman demonstrated the excretion by man of the 
§-pyridone of N'-methylnicotinamide (hereafter referred to as the pyri- 
done) in appreciable amounts after the ingestion of nicotinamide (2), it be- 
came necessary to devise a method for its quantitative estimation in urine. 
Knox and Grossman isolated the compound from human urine and de- 
sribed its properties, including its ultraviolet absorption spectrum. They 
found that this metabolite did not yield a fluorescent derivative under the 
conditions employed for the determination of N'-methylnicotinamide (3); 
nor could it be determined microbiologically with the use of the custom- 
ary organisms. 

| The above observation by Knox and Grossman was confirmed that the 
condensation reaction with acetone in an aqueous alkaline medium which 
yields a fluorescent product with N'-methylnicotinamide and the pyri- 
| done nucleotides (3) did not yield a fluorescent compound with the pyri- 
| done. It was soon found, however, that a fluorescent compound could be 
| obtained by agitating the pyridone in acetone solution with KOH in the 
presence of a minimal amount of water. With the applicability of this 
| reaction to analytical purposes in pure solutions of the pyridone estab- 
| lished, it was then necessary to find a method of separation and purifica- 
tion of relatively small amounts of the pyridone present in normal human 
une which would yield reasonable recovery and blank values. This 
proved to be extremely difficult. The usual adsorption and elution tech- 
uiques either were altogether inapplicable or gave variably low recovery 
values. The final resolution of this difficulty was found in two steps: the 
moval of pigments and of other interfering substances in urine with lead 


*This investigation was aided by grants from the United States Public Health 
Service, the Nutrition Foundation, Inc., the John and Mary R. Markle Foundation, 
aid the Duke University Research Council. A preliminary report was presented at 
the meetings of the Federation of American Societies for Experimental Biology, 
Atlantic City, 1948 (1). 

t Nutrition Foundation, Inc., Fellow. The data of this paper are taken from 
the dissertation for the degree of Doctor of Philosophy to be submitted by F. 
Rosen to Duke University, 1949. 
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subacetate and the extraction of the pyridone from the filtrate, saturated 
with KeCO;, with ether. This method of separation and extraction also 
permits the estimation of the pyridone spectrophotometrically.' 
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Fig. 1. Suction-separator tube 


Methods 


Apparatus— 

Suction-separator tube shown in Fig. 1. The glass joint may be replaced 
by neoprene stoppers which have been tested and shown to contribute no 
fluorescent material to the ether extract. For equal evaporation of the 
ether in all the tubes, the opening at the tip of the separator should be 
approximately 0.25 mm. in diameter. 


1 The authors acknowledge their indebtedness to Dr. W. E. Knox and Dr. K. L 
Pines for communicating certain details of their preliminary procedure for the separ 
tion of the pyridone in urine by adsorption on Lloyd’s reagent, followed by elution 
and spectrophotometric estimation. 
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92 X 150 mm. glass-stoppered test-tubes, obtained from the Scientific 
Glass Apparatus Company, Bloomfield, New Jersey. 

Fluorometer cuvettes. A set of calibrated Pyrex test-tubes is selected for 
the Coleman (18 X 150 mm.) and Farrand (10 X 75 mm.) fluorometers. 
The tubes are calibrated with an appropriate solution of quinine sulfate 
in the sensitivity range to be used. 

0.1 ml. micro pipette graduated in 0.01 ml. The tip of the pipette is 
constricted slightly and then bent at a 45° angle to facilitate the addition 
of the 12 N KOH. It is advisable to attach a piece of rubber tubing to the 
mouth of the pipette when the strong alkali is being drawn up. 

Test-tube racks to hold forty to 50 tubes. Such racks may be home- 
made from 1? inch wood boards through which holes of uniform diameter 
are drilled. A smooth piece of thin plywood is nailed on to provide the 
bottom. For the 10 mm. Farrand cuvette tubes the holes should be 15 
mm. in diameter and so spaced as to prevent the tubes touching each other 
when shaken. Rubber-plated metal serological Kahn tube racks, Sargent 
catalogue No. S-7935, can be conveniently used for this purpose. Care 
must be taken to provide uniform shaking to all tubes in any single run, 
ad also to prevent the scratching of the surface of the tubes by abrasion 
in the rack. 

Shaking machine. For this procedure we have employed a Kahn shaker 
which makes about 280 excursions per minute (A. S. Aloe Company, cat- 
alogue No. 14680). 

Parafilm.? 

Photofluorometers. This method was developed largely with the use of 
the new type of sensitive fluorometer described by Lowry (4) and manu- 
lactured by the Farrand Optical Company. This instrument is based on 
the use of a multiplier phototube, and is capable of measuring fluorescence 
wer a very wide range of sensitivity with a hitherto unobtainable degree 
of stability of readings. The method was also adapted for use with the 
Coleman model 12A and the Lumetron (Photovolt Corporation) fluorom- 
eters, as described in the text below. 

Reagents— 

Saturated lead subacetate solution (6 gm. made to 100 ml. with water) 
prepared from Merck’s reagent grade, “suitable for sugar analysis, by 
W. D. Horne’s method”’). 

12 n potassium hydroxide solution; U.S. P. andreagent grades were found 
watisfactory. 


*Parafilm is obtainable from the Will Corporation, Rochester, New York, or the 
Southern Scientific Company, Atlanta, Georgia. The tubes may also be capped with 
pieces of ordinary wax paper reinforced with adhesive tape and fastened to the tubes 
vith rings cut from rubber tubing. 
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Acetone, rendered free from fluorescent material by distillation over 
KMn0Q, and stored over anhydrous NagSQ, in a brown bottle. 

Ether. Impurities removed from commercial ether by washing once 
with a dilute solution of FeSO, and twice with water before distilling a few 
days supply. 

Standard pyridone solution containing 300 y per ml., made by dissolving 
15 mg. of the pyridone® in 50 ml. of redistilled acetone. To prevent a 
change in concentration by the evaporation of acetone, it was found desir- 
able to store the solution in a desiccator containing an open layer of ace- 
tone. This solution is stable for at least 6 weeks if kept in a cool room. 
Working standard solutions for the various fluorometers are prepared by 
diluting an appropriate amount of the stock standard to a given volume 
with acetone. 

Quinine solution for standardization of fluorometers. Stock solution, 0.1 
mg. per ml. of quinine sulfate in 0.1 N H2SO,. Working standard solu- 
tion, 0.3 y of quinine sulfate per ml. in 0.1 N H2SQ,. For standardizing 
the Farrand (aperture No. 6) and Coleman fluorometers, 0.02 and 0.06 y 
of quinine sulfate per ml. in 0.1 N H2SO,, respectively, are prepared fresh 
for daily use. All quinine solutions are kept in the dark. 


Procedure 


For use with the Farrand fluorometer, an aliquot of urine estimated to 
contain from 20 to 50 y of the pyridone (e.g., 2 to 4 ml. of a normal human 
urine) is neutralized to pH 6.5 to 7.5 and decolorized with a saturated 
solution of lead subacetate. To remove the pigments of human urine of 
specific gravity 1.028 or less, 1.3 volumes of the saturated lead subacetate 
solution to 1 volume of urine are required. For more concentrated urines, 
a ratio of 1.7:1 has been found adequate. When the concentration of pyri- 
done is very low, 8 ml. of undiluted urine may be treated directly with 
about 250 mg. of solid lead subacetate. The total volume is brought to 
8 ml. with water, shaken briefly, and filtered (Whatman No. 30) or centri- 
fuged; 3.00 ml. of the filtrate are transferred to a 22 & 150 mm. glass- 
stoppered test-tube, 4 gm. of powdered K,CO; are added, and the tube 
shaken to saturate the solution. 

The saturated solution is extracted consecutively with four 10 ml. por- 
tions of washed and redistilled ether. For each extraction, the tube is 
tightly stoppered and shaken for 30 seconds. After a brief centrifugation 


3 The 6-pyridone used in this study was synthesized by the recent method of Huff 
(5). The authors are indebted to Dr. J. W. Huff, of the Medical Research Division, 
Sharp and Dohme, Inc., Glenolden, Pennsylvania, for supplying samples of this 
product for use in this study. 
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(20 seconds at moderate speed), the ether layer is carefully removed with 
gentle suction into dry glass-stoppered receivers (see Fig. 1), which are 
immersed in warm water (40°) in 8 ounce bottles. If the suction is main- 
tained during the period of extraction and the water in the bottles kept 
warm, the ether will usually be evaporated within 10 minutes after the 
last extraction. 

A separate sample of urine to which 75 y of pyridone have been added is 
treated in like fashion and serves to provide an internal standard. The 
75 y of pyridone contained in 1.0 ml. of acetone are added to a dry test-tube 
and the acetone completely evaporated with warming, in an air current 
provided by suction, before the addition of the urine. If acetone is pres- 
ent in the lead filtrate, a significant amount of fluorescent material will be 
extracted by the ether and the blank values will be extremely high. 

After evaporation of the ether in the air current, the residue in the bot- 
tom should appear completely dry. If a noticeable amount of water per- 
sists, this indicates contamination with the aqueous phase, and the ether 
extraction should be repeated on another aliquot of the lead filtrate. To 
the dry residue in the tubes are added 10.0 ml. of dry acetone and a pinch 
of anhydrous Na,SO,. Into a series of fluorometer cuvettes (10 X 75 
mm. tubes), carefully cleaned and dried by draining after rinsing with re- 
distilled acetone, are measured 0.50 ml. aliquots of the above acetone solu- 
‘ions. To each tube are added, serially, 0.20 ml. of acetone and 0.010 ml. 
of 12n KOH. The latter is added with utmost care by resting the curved 
tip of the pipette against the wall of the test-tube about 5 mm. above the 
surface of the acetone. The tubes are covered with a tight fitting cap 
made from a square piece of Parafilm.2 The urine blank is obtained by 
adding 1.00 ml. of water to a tube prepared as above. Two reagent blanks 
are prepared as follows: Into each of two tubes are measured 0.70 ml. of 
dry acetone and 0.01 ml. of 12N KOH. To one, 1.0 ml. of H2O is added 
at once, the contents thoroughly mixed, and the tube permitted to stand 
along with the above urine blank tube without shaking. The second tube 
is capped and shaken along with the others, as described in the next para- 
graph. The use of these blanks will be explained in detail below. 

The tubes are placed in a rack and shaken for 1 hour at 23° + 2°. While 
at temperatures above 23° the fluorescence of the pyridone-acetone com- 
pound is increased, there is a simultaneous rise in the reagent blank which 
may cancel the advantage gained. Special care must be taken to avoid 
overheating all or some of the tubes by proximity to the motor of the shaker 


‘The centrifugation of the glass-stoppered tubes accomplished either in a No. 2 
International centrifuge equipped with 100 ml. tube shields or in a No. 1 centrifuge 
equipped with an angle head to hold 100 ml. shields. 
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or to other sources of heat. This is best controlled by attaching thermom-. 
eters to two ends of the rack holding the tubes. 

To all the tubes that were shaken 1.0 ml. of water is added and the con- 
tents mixed at once. The urine blank and the reagent blank tubes, which 
were previously made up to 1.7 ml., are used without further dilution. 
The tubes are read in the Farrand fluorometer fitted with thiamine T 
filters. A standard quinine solution containing 0.02 y per ml. is used to 
set the fluorometer at the desired sensitivity (at 15 to 50 divisions on the 
galvanometer). 

Example of Determination—A normal human 24 hour urine, volume 1000 
ml., of specific gravity 1.018. Taken for analysis, 3.00 ml. are diluted to 
8.00 ml. with 4.00 ml. of lead subacetate and 1.00 ml. of water: 3.00 ml. 
of filtrate are saturated with K.CO; extracted with ether and evaporated: 
the residue is taken up in 10.0 ml. of acetone; 0.5 ml. of acetone solution is 
taken for analysis, containing 0.5/10 K 3 X 3/8 = 0.056 ml. of the 
original urine. 

The agreement of actual values obtained with triplicate aliquots from 
the same acetone extract of a urine, and of the same urine with added 
pyridone (recovery), is shown in Table I. 

These data were obtained on two complete analyses of a normal human 
urine carried out on separate days, in each of which one sample of urine, 
with and without added pyridone, was subjected to the entire procedure. 

It will be noted that within each of these determinations triplicate analy- | 1 


ses of the same acetone extract and duplicate blank analyses agree within | 4g 
0 to 1.0 galvanometer divisions. On the other hand the readings obtained 13 
in separate analyses on the various phases of the procedure (?.e., urine, hve 
urine + pyridone, urine and reagent blanks) may diverge quite widely, rf ie 


and yet, as the calculations show, yield final values which agree reasonably 
well. This is due to the compensating effect of the various blank values | 
and demonstrates the necessity for the use of the internal standard and of 
the four blank determinations with each analysis. The differences in the | (1.5 
readings obtained in the separate analyses may be due to several factors, B 
such as incomplete or excessive drying of the ether residues, contamina- | 
tion with external impurities from the air or from the aqueous phase in | ys _ 
the separation of the ether, differences in the reagents, or in temperature, | gs 
and humidity changes. 16.5 
Other analyses repeated on the same urines on different days yielded the | 
following results, in mg. per 24 hours (the higher values were obtained | (46.5 - 
after ingestion of large amounts of nicotinamide): 5.4, 5.9; 9.2, 9.5; 221, ag 
194; 282, 274; and 337, 356. 39 
On the basis of the above considerations it may be recommended that, | 2,5 — 
after the initial period of practice, urine analyses be carried out on single | 8 x 
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TABLE I 
Values Obtained with Triplicate Aliquots from Urine 








Analyses on 
: | Dec. 19, 1948 Dec. 21, 1948 
Tube No. | Contents Leese ie é hee E> 
Galva- | Galva- 
nometer* Average nometer Average 
divisions divisions 
1 0.5 ml. urine filtrate 26 te 
2 ee - 26.5 | 25.5 
3 os * i g 27 26.5 | 25.5 | 25.7 
4 _ Sai “« —+1.0m).| 14 | 12 
H:0 
5 0.5 ml. urine filtrate + 1.0 ml. 14 | 14 12 12 
H.O 
6 0.5 ml. urine filtrate + 1.4 y| 51.5 | 46.5 | 
pyridone 
7 0.5 ml. urine filtrate + 1.4 7! 52 46.5 
pyridone 
8 0.5 ml. urine filtrate + 1.4 y| 51.5 51.7 | 47 46.6 
pyridone 
9 0.5 ml. urine filtrate + 1.4 y| 16 | 12 
pyridone + 1.0 ml. H:O | 
10 0.5 ml. urine filtrate + 1.4 y!| 16 | 16 12 12 
pyridone + 1.0 ml. H.O | | 
ll 1.0 ml. acetone 6.5 | | 8 | 
12 a = 7.0 | 6.7 | 8 re 
13 LO 7 + 1.0 ml. H,0 3 | | 2.5 | 











*Galvanometer of Farrand fluorometer, set at 30 divisions with 0.02 y per ml. 
of quinine sulfate standard. 


Calculations 
Analysis on December 19, 1948 


. 


(1.5 — 16) — (26.5 — 14) = 23 divisions for 1.4 y of added pyridone 
5 = 16.5 divisions for 1.0 y pyridone 
he 


3 = 4 divisions due to acetone + KOH product 
5 — 14 — 4 = 8.5 divisions due to pyridone in 0.056 ml. of urine 
5 1000 ; . , 
its x 0.056 ~ 9.2 mg. of pyridone in 24 hour urine 


oo SS 


Analysis on December 21, 1948 
(4.5 — 12) — (25.5 — 12) = 21 divisions for 1.4 y pyridone 


21 
BY te 15 divisions for 1.0 y pyridone 


8-— 2.5 = 5.5 divisions due to acetone + KOH product 


%.5 — 12 — 5.5 = 8 divisions due to pyridone in 0.056 ml. of urine 
8 | 1000 
7 x 0.056 = 9.5 mg. of pyridone in 24 hour urine 
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samples with and without added pyridone (internal standard). The re. 
covery value for the internal standard should furnish the criterion as to the 
reliability of the results; recovery values below 75 per cent of the theoreti. 
cal indicate the desirability of repeating the analysis. In this connection 
it may be desirable to include at frequent intervals a duplicate pair of tubes 
containing an appropriate amount of the standard solution and of its water 
blank. 

Modification for Coleman Model 12A Fluorometer—An aliquot of urine 
containing 50 to 100 y of pyridone is treated, as described above, with lead, 
extracted with ether, evaporated, and the residue dissolved in 10 ml. of 
acetone. Into cuvettes (18 X 150 mm. test-tubes) are then measured 
1.00 ml. of the acetone solution (containing 2 to 4 y of pyridone) and 0.0] 
ml. of 12 Nn KOH, the tubes are capped, and the reaction mixture shaken 
for 1 hour at 23° + 2°. All urine blanks are obtained by adding 1.0 ml. 
of water to the appropriate tubes and the reagent blank prepared with 1.0 
ml. of acetone. After shaking, the tubes are diluted to a total volume of 
8 ml. with 5 ml. of redistilled acetone and 2 ml. of water. The fluorescent 
compound is measured in the fluorometer standardized at 100 galvanom- 
eter divisions with a solution of quinine sulfate (0.06 y per ml.). For 
the internal standard (recovery) the same procedure is followed simul- 
taneously for another sample of urine to which 75 y of the standard pyri- 
done had been added. : 

Use of Lumetron Fluorometer (Model EF2)—This instrument is consider- 
ably less sensitive than the others and employs an adapter for 22 mm. 
test-tubes as cuvettes and the galvanometer as a direct reading instrument. 
It was found that 20 to 50 y of the pyridone present in 13 ml. of the final 
solution were required for reproducible results. Such amounts may be 


easily obtained by appropriate dilutions of human urines after doses of | 


niacin, but are not obtainable with normal control urines, unless consider- 
ably larger amounts are extracted. 

The reaction mixture consists of 1.0 ml. of the acetone filtrate (dry 
residue from ether may be dissolved in 5 ml. of acetone) and 0.01 ml. of 12 
n KOH. Urine blanks are prepared with 1.0 ml. of water. In the sensi- 
tivity range measured by the Lumetron, the acetone reagent blank is zero 
and may be omitted after initial checking. To increase further the fluor- 
escence of the pyridone-acetone compound for use with this fluorometer, 
the tubes are shaken for 1} hours (or longer) and then diluted to 13 ml. 
(minimal volume required for the test-tube adapter) with 7 ml. of acetone 
and 5 ml. of water. 

The technique above for the isolation of the pyridone from urine by 
means of ether extraction from a lead subacetate filtrate lends itself advan- 
tageously to the spectrophotometric estimation of the substance. The resi- 
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due, after the evaporation of the ether, is dissolved in a measured amount 
of water to yield 3 to 10 y of pyridone per ml. for measurement in the Beck- 
man spectrophotometer, 2.5 ml. being required to fill the quartz cuvette. 
By utilizing the data of Knox and Grossman (2) readings are taken at 265 
and 290 mu. The absorption maximum at 265 mu is much greater (X 
2.5) than that at 290 my. On the other hand, many of the biologically 
important organic bases have high absorption values in the vicinity of 265 
my and very low values near 290 my; this is particularly true of purines, 
pyrimidines, riboflavin, and pyridoxine, as well as of the other known deriv- 
atives of niacin. In view of this fact, it was gratifying to find that val- 
ues obtained for the pyridone content of urines calculated from the read- 
ings at 265 and 290 my agreed remarkably well, as shown in Table II. 
This would indicate that the method of isolation employed in the procedure 


excludes fairly well the organic bases mentioned above normally present 
in urine. 


TABLE II 
Comparison of 6-Pyridone Values Measured with Different Fluorometers and 
Beckman Spectrophotometer 
The values are recorded as mg. in a 24 hour urine. 














|  Spectrophotomete 
Urine Farrand | a | Lumetron | A Shi 
| | | | 290 my 265 my 
EE ees \_ | 
Bes) oe | Oe ) 2848 248 
fe.-....| 2 | me | we | a tae 
e.....| 2 » sie | 


326 | 313 





In Table IT a few figures are shown comparing the results obtained on 
three 24 hour human urines, collected after the administration of 500 mg. 
oral doses of nicotinamide, when analyzed fluorometrically by using three 
types of fluorometer, and also spectrophotometrically. While the fluor- 
metric results agree very well, the spectrophotometric figures are consid- 
erably higher. Since the absorption maxima of the free acid and the amide 
of the pyridone appear to be identical, whereas the fluorometric data in- 
clude the amide only, the possibility of the presence of small amounts of 
the free acid should be considered. The other reasons for this discrep- 
ancy are not apparent and are being studied further. It should be noted, 
however, that attempts to obtain a satisfactory blank value for the spec- 
trophotometric analysis were unsuccessful, and the values given in Table 
Il were obtained by subtracting the absorption readings for similarly di- 
luted and treated urines collected during the control periods from the same 
subjects. In the absence of a satisfactory method for determining the 
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blank value, it is obvious that the spectrophotometric technique is not 
suitable for the analysis of normal control urines. 


DISCUSSION 


Preliminary studies showed that the proposed procedure involving treat- 
ment with lead and extraction with ether from a saturated K,CO; filtrate, 
when applied to solutions of the pure (synthetic) pyridone in water or in 
“artificial urine,’ yielded extracts containing 90 to 100 per cent of the 
pyridone, as tested fluorometrically and spectrophotometrically. Solu- 
tions containing relatively large amounts of N!-methylnicotinamide and 
the pyridone, when treated with lead and extracted with ether, gave the 
expected fluorescence values for the pyridone only, and tests employing 
the specific reaction for N'-methylnicotinamide indicated its absence. 
This demonstrated the complete separation of N!-methylnicotinamide and 
of its pyridone by the isolation procedure. It should be noted, however, 
that the acetone-KOH agitation reaction cannot be applied to a mixture 
of these two niacin derivatives, for under these conditions the N'-methyl- 
nicotinamide yields a yellow compound which quenches the fluorescence 
of the pyridone compound, and on dilution with water yields the fluor- 
escent condensation product described by Huff (6). 

The choice of the alkali for the reaction with acetone was found to be 
restricted to KOH. Attempts to use NaOH, LiOH, and other strong metal 
and organic bases proved to be entirely ineffective. In the case of the 
metal bases this was shown to be due to the insufficient solubility of all 
but the KOH in anhydrous acetone. Even with the latter the solubility 
is so low that the yield of the fluorescent compound was very low and 
variable until the continuous shaking of the reaction mixture was adopted. 

Any constant volume of 12 n KOH from 0.01 to 0.02 ml. for 0.7 to 1.0 
ml. of acetone solution is satisfactory for this analysis, but extreme care 
must be taken to add the alkali accurately. The variation in the size of 
the individual drops, when delivered from a dropper or hypodermic needle 
attached to a syringe, made it necessary to use a micro pipette for adding 
the KOH. Good duplicate values and high fluorescence are obtained with 
0.01 ml. of 12 n KOH. Larger amounts of 12 n KOH introduce more 
water into the reaction mixture and consequently there is a decrease in 
fluorescence. With smaller volumes of KOH, the reagent blank is con- 
siderably increased and the results erratic because of the inherent diffi- 
culty of measuring the smaller volumes of 12 nN KOH with sufficient ac- 


curacy. 
Because the intensity of fluorescence of the pyridone-acetone compound 
is very much less than that of the N'-methylnicotinamide derivative, the 
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fuorometric determination of small amounts of the former is correspond- 
ingly less accurate. Thus while the lower values in the range of 2.5 to 12 
mg. of pyridone, found in a group of normal subjects, may not be closer 
than 15 to 30 per cent of the actual values, the higher ones, as shown in 
some examples of duplicate analyses quoted above, are within 5 to 10 per 
cent. 

The necessity for the scrupulous exclusion of water other than that of 
the KOH solution during the reaction with acetone has been already em- 
phasized. It is for this purpose that anhydrous NagSO, is used in the ace- 
tone reagent and in the preparation of the acetone solution for analysis. 

The treatment with lead subacetate was introduced primarily for the 
cearing of normal control urines containing low amounts of the pyridone; 
it may possibly be omitted in the analysis of urines containing large 
amounts of pyridone. 

Analyses of urines preserved with toluene and acidified to pH 3 to 4, 
which were kept in the refrigerator for as long as 2 months, showed that 
the pyridone content is unaffected. 

The above procedure was applied successfully for the determination of 
the pyridone in human urines from normal subjects on ordinary diets and 
after oral doses of nicotinamide, and also in the urines of rats, dogs, rab- 
bits, guinea pigs, and of Herbivora (7). 

A trained analyst can complete the analyses of four urine samples by the 
fluorometric procedure in 1 day. 

The chemical nature of the fluorescent product resulting from the re- 
action of the 6-pyridone of N'-methylnicotinamide with acetone in the 
presence of alkali remains to be determined. The fact that this product is 
formed by the amide, but not by the free acid, suggests the possibility of 
a ring condensation product analogous to that described for N'-methyl- 
nicotinamide (6). This aspect is being investigated. 


SUMMARY 


A fluorometric method for the determination of the 6-pyridone of N!- 
nethylnicotinamide in urine is described. It consists of clearing the urine 
with basic lead subacetate, extraction of the pyridone with ether from the 
lead filtrate saturated with K.CO;, evaporation of the ether and dissolving 
the residue in acetone, shaking of the acetone solution with a small amount 
of concentrated KOH, and fluorometric estimation of the resulting product. 
The pyridone can also be estimated spectrophotometrically in an aqueous 
solution of the residue after the evaporation of the ether extract. 
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OROTIC ACID AS A PRECURSOR OF PYRIMIDINES 
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It was demonstrated by Richardson in 1936 (1) that uracil and guanine 
were essential for the growth of certain bacteria. Later several investi- 
gators found that purines and pyrimidines and corresponding nucleotides 
are of importance for the metabolism of different microorganisms. Snell 
and Mitchell (2) established the fact that guanine, adenine, uracil, and 
thymine may be limiting factors of growth for lactic acid bacteria. 

In 1944 Loring and Pierce (3), working with pyrimidine-deficient mu- 
tants of Neurospora, found that orotic acid (uracil-4-carboxylic acid) and 
uracil had about the same growth-promoting effect, but that uridine 
and uridylic acid were 10 to 60 times more active. Simultaneously Rogers 
(4) reported that the growth of certain streptococci was stimulated to an 
equal degree by uracil and orotic acid, and Chattaway (5) observed that 
orotic acid was the only pyrimidine derivative that could replace the effect 
of liver extract on Lactobacillus casei e. 

These results indicated that orotic acid might be an intermediate in 
pyrimidine metabolism. Mitchell and Houlahan (6) proposed that oxal- 
acetic, aminofumaric, and orotic acids may be intermediates in the syn- 
thesis of uridine and that the coupling with ribose occurred prior to the 
formation of the pyrimidine ring. 

Orotic acid was discovered in milk in 1905 by Biscaro and Belloni (7). 
Recently it has been found to be produced in large amounts by certain 
Neurospora mutants. Genetic analysis of these strains led Mitchell, 
Houlahan, and Nyc (8) to the conclusion that orotic acid is not a normal 
intermediate in the biosynthesis of pyrimidines in Neurospora but is 
formed as a by-product in a side reaction. The occurrence in milk might 
be interpreted in a similar way. 


In order to investigate this problem in animals, we have administered 
orotic acid containing N™ to rats. 
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EXPERIMENTAL 


Orotic acid was synthesized according to Nyc and Mitchell (9) from 


aspartic acid containing about 12 atom per cent excess of N". The 
isotope is thus in the 3 position and the over-all excess N® in the com- ( 


pound was found to be 6.06 per cent. 
Two albino rats were each given 12.5 mg. of orotic acid per 100 gm. of 
body weight subcutaneously twice a day for 3 days. They were killed 12 
hours after the last injection. 
The polynucleotides were prepared from the pooled livers, pentose 
nucleic acid (PNA) and desoxypentose nucleic acid (DNA) were fraction. , ~ p 
ated (10), and the ribosides (11) from PNA and the purines from DNA 
(12) prepared and separated by partition chromatography on starch, ac- 
cording to the methods worked out earlier at one of our laboratories, 


The results are given in Table I. rr 
The purines from DNA were not pure, according to the light absorption 
to nitrogen quotient. ( 
The figures in the third column identifying each substance by means of Tr 
maximum absorption and nitrogen content are in good agreement with i 
the standard values. The prostate extract used for preparing the ribo- ; 


sides from the mononucleotides prior to the chromatographic separation | ats 
was free from purines and pyrimidines, according to light absorption. 


DISCUSSION | 


In work with pyrimidine-deficient Neurospora mutants cited earlier (3, 
6, 13), it was proposed that in these organisms the free pyrimidines are | yp 
not intermediates in the synthesis of polynucleotides, because free cytosine 
could not be utilized by uracil-deficient mutants, whereas cytidine or cy- 
tidylic acid supported growth. This has been taken to indicate that the | Or 
interconversion of uracil and cytosine took place only when these pyrimi- 
dines were combined with ribose. Similar observations have been made 
by Fries (14) with pyrimidine-deficient strains of Ophiostoma. 

The work by Plentl and Schoenheimer (15) has shown that rats did not 
utilize uracil or thymine for the synthesis of polynucleotides when the free 


a 


pyrimidines were supplied in the diet. 

The data in Table I show that part of the isotopic nitrogen in the in- | 
jected orotic acid was recovered in uridine and cytidine with dilution fac- Dr 
tors of only 5.4 and 6.9 respectively. These low dilution factors prove synth 
that the administered orotic acid had entered into the metabolism as 4 
precursor for the pyrimidine ring. Th 

It is apparent from the isotope analysis that the orotic acid had not been tion y 
utilized to any significant extent for the formation of purine ribosides, the Caley: 
purines in DNA, or of proteins. all th 
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The distribution of the isotope in the cytosine molecule between the 


ring and the amino group was not determined, since the amount of cyti- 
dine was insufficient for deamination. 


Isolated substances 


From PNA 
Adenosine 
Guanosine 
Cytidine 
Uridine 

From DNA 
Adenine 
Guanine 

Trichloroacetic 


Nb 


acid- 


insoluble ‘‘protein”’ 


TABLE I 


Atom per cent N¥, calculated 


atom per cent __ Emax.*— ; 

excess yNper ml. | Sdministered orotic add 
0.011 0.190 0.18 

0.005 0.160 0.08 

0.872 0.288 14.39 

1.133 0.314 18.70 

0.014 

0.030 

0.009 0.15 





* Determined on the following standards: adenosine at 257 my, 0.196; guanosine 
at 255 my, 0.164; cytidine at 280 my, 0.295; uridine at 262 my, 0.332. 
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se. CO CH 
| | 
R—N CH 
Uridine 
[ [Nt 
N=—=C—NH; 
—CO, | 
3 — CO i 
| 
R—N CH 
Cytidine 


Possible reactions occurring in the utilization of orotic acid in bio- 


The lower isotope content of cytidine (Table I) might be due to amina- 
tion with non-isotopie nitrogen or with nitrogen of a low isotope content. 
Calculated on the assumption that we think is highly improbable, that 
all the excess isotope was contained in the ring, the value for the isotope 











— a an 


172 OROTIC ACID AS PYRIMIDINE PRECURSOR 


excess in the cytosine ring becomes 1.308. On the assumption that the 
atoms per cent excess of N’ in the cytosine and uracil rings are equal, 7 
the excess in the amino group would be 0.350. On the other hand cyti- 


dine may not have been formed from uridine (see Diagram 1) and the : 
observed difference might have significance, indicating different turnover 10 
rates of these pyrimidines. ll. 

The non-utilization of uracil, as demonstrated by Plentl and Schoen- 12. 
heimer (15), should indicate that corresponding coupling of the free py- - 
rimidine does not take place in this animal. A possible explanation for 14. 
the fact that orotic acid in contradistinction to uracil is utilized in the rat 15. 
might be that a mechanism exists whereby orotic acid is coupled to ribose 16. 


prior to decarboxylation (Diagram 1). 

We hope to be able to answer some of these questions when work now in 
progress is completed. 

In earlier experiments on rat liver some of us (16) found that glycine 
enters with some of its nitrogen (dilution 128-fold) into the pyrimidine 
ring. On the postulate that orotic acid is a normal intermediate in the 
biosynthesis of the pyrimidines, which of course is not shown by our ex- 
periment, glycine should be supposed to take part in this synthesis prior 
to the formation of orotic acid. 


SUMMARY 


Orotic acid containing N was administered to rats, and the nitroge- 
nous compounds from liver nucleotides were tested for their content of 
isotope. The isotope was recovered in uridine and cytidine in 5.4- and 
6.9-fold dilution of the administered orotic acid respectively, whereas 
the purine ribosides, the purine bases from DNA, and the proteins 
contained only insignificant amounts. It is concluded that the orotic acid 
had been utilized for synthesis of the pyrimidine ring, and different possi- 
bilities for the biosynthesis of the pyrimidine nucleosides are discussed. 


We are greatly indebted to Dr. David Shemin, Columbia University, | 
for the generous gift of the isotopic aspartic acid used for the preparation | 
of orotic acid. 
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THE ROLE OF INSULIN IN THE METABOLISM OF 
AMINO ACIDS 


By WILLIAM D. LOTSPEICH* 
WITH THE TECHNICAL ASSISTANCE OF JOAN B. SHELTON 


(From the Department of Physiology, Syracuse University College of 
Medicine, Syracuse) 


(Received for publication, January 27, 1949) 


It is well known that insulin exerts a profound influence on the metab- 
olism of amino acids and protein. For example, the administration of 
insulin to the fasting, untreated diabetic has been shown to reduce the 
excessive excretion of nitrogen (1). Leutscher has recently observed that 
the diabetic has an unusually high concentration of blood amino acid and 
that insulin brings this to a normal value (2). Conversely, it has been 
demonstrated that the injection of insulin into the normal fasted man re- 
sults in a depression of the concentration of blood amino acid to values be- 
low normal (3-5). This observation has been confirmed in the rat (3), 
the rabbit (3), and the dog (6). Harris and Harris (5) have studied the 
changes in the plasma levels of a limited number of individual amino acids 
in mental patients during insulin hypoglycemia. While the blood levels 
of all were depressed, leucine and lysine fell to the greatest extent. 
authors offer no conclusive explanation for their findings. 

That the liver is not specifically necessary for the action of insulin on 
amino acids has been shown by the fact that insulin delays the accumula- 
tion of blood non-protein nitrogen in the nephrectomized, eviscerated dog 
(7) and of amino acids in the blood of the eviscerated rat (8). Thus the 
effect of insulin on amino acids must be exerted on tissues in general, rather 
than in the liver or any other organ specifically. 

In an attempt to understand more fully the nature of the réle of insulin 
in amino acid metabolism, it was decided to study the effect of insulin on 
a representative number of individual amino acids and to examine the 
results in the light of the best evidence to date which indicates that insulin 
promotes the synthesis of protein (9, 7). Because of their particular im- 
portance in normal growth and nutrition, and because the methods for 
their analysis are most reliable, it was decided to study the ten “essential” 
amino acids.!. The results of this study on the normal fasted dog are re- 
ported below, and support the belief that insulin is concerned with the 
synthesis of protein from free amino acids. 


These 


* Scholar in the Medical Sciences of the John and Mary R. Markle Foundation. 
‘Leucine, lysine, arginine, isoleucine, valine, threonine, phenylalanine, methio- 
une, histidine, tryptophan. 
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EXPERIMENTAL 


Experiments were performed on two normal adult female mongrel dogs, 
maintained on a diet of laboratory chow, supplemented by horse meat 
twice a week. The animals were fasted for 18 to 24 hours before an ex. 
periment. After a control sample of blood was taken, insulin? was injected 
intravenously in a dose of 2 units per kilo of body weight. Blood samples, 
in amounts of 35 ml., were drawn into an oxalated syringe at 30 and 60 
minutes thereafter. Neutralized tungstic acid filtrates of these bloods 
were prepared immediately and used for analysis of amino acids. The 
amino acid analyses were done by microbiological assay techniques. Each 
method was shown to give quantitative recovery of amino acid added to 
whole blood, and was therefore considered reliable for use. Only the nat- 
ural forms of the amino acids are determined by these methods; therefore 
all data reported herein are for those forms only. Leucine, arginine, 
valine, threonine, methionine, histidine, and tryptophan were determined 
according to the method of Stokes et al. (10) with Streptococcus faecalis R 
as the test organism. Lysine and isoleucine were determined by a modi- 
fication of the method of Dunn et al. (11) with Leuconostoc mesenteroides 
P-60 as the test organism. Phenylalanine was determined by a turbidi- 
metric modification of the method of Henderson and Snell (12) with Lac- 
tobacillus arabinosus. Amino acid analyses of dog muscle were performed 
by these same methods on acid and alkaline hydrolysates of muscle. A 
biopsy of the thigh muscle was obtained under aseptic conditions. It was 
immediately minced and homogenized in a Waring blendor with distilled 
water. The homogenate was then put in a vacuum flask and lyophilized. 
The hydrolysates were made from the lyophilized muscle essentially ac- 
cording to the method of Stokes et al. (10). 

Blood glucose was followed in all experiments as a check on the activity 
of insulin, the glucose being determined according to Nelson’s photometric 
adaptation of Somogyi’s method (13). 


Results 


It was found that after the intravenous administration of insulin the 
blood concentration of all ten amino acids fell, but to different degrees. 
It was further found that these differences remained characteristic from 
experiment to experiment. This observation lead to speculation concern- 
ing the reasons for these differences. If, as has been suggested (7), insulin 
plays a réle in protein synthesis, then it would be logical to assume that 
under the influence of insulin each amino acid would be removed from the 
blood in quantities commensurate with the proportion of each in the pro- 


2 Tletin, Lilly. The author is grateful to Eli Lilly and Company for the generous 
supply of insulin for use in this study. 
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tein in process of synthesis. It was therefore decided to test this hypoth- 
esis by comparing the proportions of each amino acid leaving the blood 
after insulin injection with the proportions of the same amino acids in a 
representative body protein. Skeletal muscle protein was chosen for this 
comparison, since it constitutes about 50 per cent of the body weight. 

In preliminary experiments in which only three or four amino acids were 
measured at a time, it became apparent that such a correlation did exist 
and that the hypothesis was correct. In order to be sure, however, it was 
felt that it would be necessary to measure blood changes in all ten amino 
acids simultaneously. The techniques for microbiological assay were mod- 


TABLE I 


Comparison between Relative Proportions of Ten Essential Amino Acids Removed from 
Blood after Insulin and Relative Proportions of Same Amino Acids in Dog Muscle 














Protein 

| In blood | In muscle protein 
Amino Acid Ee = -|——_—___—— 

| Control | 30 min. | Fall in concentration | mate = dry 

» per ml. um per ml. uM per ml. Frenne per mi.) molecular 
aa, ais eae | 0.1740 | 0.0855 | 0.0885 10.0 | 0.5620 | 10.0 
es 5s China scene te | 0.4580 | 0.3840 | 0.0740 8.36 | 0.4910 | 8.74 
NS Sic sive ekcivnn tee 0.1167 | 0.0620 | 0.0547 6.19 | 0.4670 | 8.32 
A ereere 0.2370 | 0.1860 | 0.0510 | 5.77 | 0.3080! 5.48 
iii 5:6n's¥a asta 0.1400 | 0.0962 | 0.0438 4.95 | 0.4080 | 7.26 
2: sing cn eme 0.1665 | 0.1227 | 0.0438 4.95 | 0.3700 | 6.58 
Phenylalanine................ 0.0582 | 0.0327 | 0.0255 , 2.88 | 0.2210 | 3.93 
EE 22. svacusoumans 0.0537 | 0.0295 | 0.0242 | 2.74 | 0.1530 | 2.72 
errr 0.0806 | 0.0626 0.0180 2.04 0.1500} 2.67 

MI, . coc sssccvccvsws 0.0304 | 0.0227 | 0.0077 0.87 | 0.0223 | 0.397 











ified in order that all amino acids could be analyzed in the filtrate from 35 
ml. of blood; the experiments were done on two dogs. In Table I are pre- 
sented the data from such an experiment. Blood and muscle amino acid 
data were both obtained from the same dog. Since the blood leucine con- 
centration was lowered to the greatest extent by insulin, and since leucine 
was in highest concentration in the muscle protein, leucine in both blood 
and muscle data was given a value of 10 and the other amino acids com- 
pared to it on the basis of relative molecular proportions. It is evident from 
the figures of Table I that in general there is a good correlation between 
the proportion of each amino acid in skeletal muscle protein and the pro- 
portion of each amino acid removed from the blood after insulin. This 
correlation is illustrated in graphic form in Fig. 1, in which the proportions 
of the amino acids removed from blood are plotted above the line, and the 
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muscle amino acids below it. These data, then, substantiate the hypoth- 
esis and show that under the influence of insulin the ten essential amino 
acids do indeed leave the blood in quantities proportional to their concen- 
trations in a representative body protein. 
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IN 00G SKELETAL MUSCLE PROTEIN 
Fic. 1. A comparison between the molecular proportions of the ten essential 


amino aac removed from the blood of a dog after insulin and the proportions of 
the ten essential amino acids in the same dog’s skeletal muscle protein. 


DISCUSSION 


These data suggest three possible explanations for the action of insulin 
on amino acids. First, insulin might promote increased deamination. 


This is unlikely in view of the fact that insulin affects amino acids even in 


the absence of the main deaminative organ, the liver. Furthermore, the 
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data of Bach and Holmes (14) and Stadie et al. (15) indicate that insulin 
actually inhibits, rather than accelerates, the oxidative deamination of 
amino acids by liver slices. 

Second, insulin might possibly depress the hydrolysis of protein and 
thus bring about a decrease in the quantity of amino acid entering the 
blood. This possibility cannot be absolutely ruled out on the basis of the 
experiments reported here. However, if insulin simultaneously inhibits 
both the hydrolysis of tissue protein and deamination of amino acids, it 
would seem highly improbable that the proportionality pattern observed 
here would have occurred. 

Third, as has been suggested, insulin might play a réle in the process of 
protein synthesis. This interpretation would explain the data adequately 
and furthernore would be in harmony with other evidence implicating in- 
sulin in protein synthesis. Grey and Thalhimer (16) in 1924 were able to 
demonstrate greater growth of chick fibroblasts in tissue culture with in- 
sulin and glucose than with glucose alone. , Mirsky (17) has shown that 
anterior pituitary extract requires insulin for its protein synthetic func- 
tion. Indeed in the diabetic animal this extract actually promotes the 
breakdown of tissue protein rather than its synthesis. This interrelation 
between insulin and the pituitary was also shown by Frame and 
Russell (8) who observed that insulin and anterior pituitary extract to- 
gether are more effective than insulin alone in decreasing the rate of accu- 
mulation of amino acids in the blood of the eviscerated rat. 

Wilhelmi, Fishman, and Russell (18) have recently stated that “the 
activity of the anterior pituitary gland in maintaining normal levels of 
muscle glycogen in the 24 hour fasted hypophysectomized rat . . . appears 
to be a property of the growth hormone.”’ Thus insulin is not only in- 
volved in the protein anabolic function of the pituitary, but the pituitary 
is also apparently involved in glycostasis, a function known to be affected 
by insulin. 

These studies, linking insulin and the pituitary in both glycostasis 
and protein synthesis, emphasize the interrelated nature of their functions 
and add weight to the feeling that the data presented in this paper are most 
logically interpreted in the light of a protein anabolic function of insulin. 
Experiments are now planned in which the effects of insulin and growth 
hormone on the metabolism of the individual amino acids will be studied 
in vivo, and with muscle strips in vitro. It is hoped that these studies will 
add further meaning to the experiments reported in this paper. 


SUMMARY 


The effect of insulin on the blood concentration of the ten essential 
amino acids has been studied in the normal fasted dog. It has been shown 
that there is a correlation between the proportions of each amino acid re- 
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moved from blood after insulin and the proportions of each amino acid in 
a representative body protein, skeletal muscle. It has been suggested on 
the basis of this observation that insulin promotes the synthesis of protein 
from circulating amino acids. This interpretation of the data is in keeping 
with recent evidence that points to an intimate relationship between jn- 
sulin and the anterior pituitary gland in both protein and carbohydrate 
metabolism. 


The author wishes to express his thanks to Dr. Robert Pitts and Dr, 
Jay Tepperman for their helpful suggestions and to Mr. Raymond Cottet 
for his assistance in the performance of the experiments. 
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THE BIOLOGICAL ACTIVITY OF SUBSTITUTED PURINES* 


By G. W. KIDDER anp VIRGINIA C. DEWEY 
(From the Biological Laboratory, Amherst College, Amherst, Massachusetts) 


(Received for publication, December 27, 1948) 


It has been shown that the animal microorganism, Tetrahymena geleit, 
requires an exogenous source of purine for growth (1). This requirement 
can be met by the addition of guanine (or guanosine or guanylic acid) to 
the medium (2). No other naturally occurring purine can replace guanine, 
although adenine and hypoxanthine exhibit marked sparing action. It was 
pointed out that Tetrahymena differs from mammals in that it is capable of 
synthesizing adenine from guanine but not guanine from adenine, whereas 
in the mammal the reverse appears to be true (3). 

A systematic testing of substituted pyrimidines has been shown to be a 
means of evaluating the active positions and radicals (4), and accordingly 
a similar study has been made with twenty-one substituted purines. With 
these compounds, as with the pyrimidines, conclusions were drawn on the 
basis of replacement, sparing action, inhibitory action, and inactivity. 

The compounds tested were generously supplied to us by Dr. George H. 
Hitchings and his colleagues of the Wellcome Research Laboratories, to 
whom we are deeply grateful. 


Methods 


The methods employed are identical with those used in the investigation 
of the substituted pyrimidines (4). The basal medium differed in one re- 
spect only. Guanylic acid and adenine were omitted and uracil and cyti- 
dylic acid were added (10 y per ml. and 25 y per ml. respectively). Tests 
for replacement, sparing action, and inhibition were conducted in the man- 
ner previously described (4), with similar ranges being tested. 


Results 


Table I summarizes the results obtained. Of the substituted guanines 
available for testing, two were capable of supplying the purine require- 
ment (replacement of guanine) and two exhibited weak guanine sparing ac- 
tion. Substitution of position 1 with a —CH; group reduced the activity 
for replacement of guanine (rated as 100 per cent) to 75 per cent. In this 
case the growth produced by 8 y per ml. of 1-methylguanine equaled that 

* Aided by a grant from the United States Public Health Service and a grant 


recommended by the Committee on Growth of the National Research Council, 
acting for the American Cancer Society. 


181 








182 ACTIVITY OF SUBSTITUTED PURINES 








produced by 6 y per ml. of guanine hydrochloride. On the other hand 8. nine. 
methylguanine, while it will replace guanine, is very difficultly metabolized ately at 
by the organism. Activity is about 4 per cent and optimum growth is not be acco 
obtained even at high levels. The growth rate is markedly reduced. the me 
Substitution in position 7 (7-methylguanine) destroys replacement ae- enolizat 
tivity, but slight sparing action occurs after prolonged growth periods, tion to 
Added substitutions in position 1 (1,7-dimethylguanine) reduce activity All o 
bromine 
ie) =e , xanthin 
ie b Activity of Substituted Purines tioned § 
Replacement | F& cent Sparing Inhibition = Inert of —CE 
a ee cae 2: ; 7 ____- xanthin 
1-Methylgua- | 75 Adenine 5-Amino-7-hy- 0.075 7-Hydroxy- filled wi 

nine droxy-1H-v-tri- 1H-v-tri- duced. 
| azolo[d|pyrim- | azolo(d}- phylline 
idine pyrimi- bition re 

| | | | dine ‘ 
1-Methylxan- | 15 | Hypoxan- | 5,7-Diamino-1H- | 85 Xanthine ccaffein 
thine | thine v-triazolo[d]- | It has 
pyrimidine hibitory 
2,6-Diamino- 2.3 | 7-Methylgua-| 1,3,7- Trimethyl-| 100{ 7-Methy!l- mixtures 
purine | nine (poor)| Pores — xanthine obtained 
8-Methylgua- | 4 (slow) | 1,7-Dimeth- | 3,7-Dimethylxan-, | 150{ | 3-Methyl- vanthine 
nine | ylguanine | thine (theobro- | | xanthine systems 
(poor) | mine) | | Thus, at 
1,3-Dimethylxan-| 225t 2-Thio-6- | tained w 
| thine (theo- | ketopu- release r 
| phylline) | | _rine ethe ad 

1,7-Dimethylxan-| 300t | Uric acid 
thine (paraxan-| ‘ystem 0 
thine) | ther inve 
— a 7 ae The tr 
Calculated from guanine, w hich + was s rated 100 per + cent. structure 
+ The inhibition index is here defined as the smallest ratio between the amount 

of the inhibitor and the antagonist at which growth does not occur. made as 





t These indices were determined by using low concentrations of guanylic acid. | 
Raising the purine concentration of the medium changes the index. | 
| 


further. It appears that, in the presence of small amounts of guanine, 
these two compounds can be demethylated at a very slow rate. 

The activity of adenine and hypoxanthine as sparing agents was ein 
earlier (2). Neither of these compounds can replace guanine. If, how 
ever, position 2 of adenine is aminated (2,6-diaminopurine), then the or 
ganism is able to use this compound as a substitute for guanine. The a 
tivity is low (2.3 per cent), however, and optimum growth is never attained. In this 

Xanthine is without activity (2) but 1-methylxanthine can replace gu* equivaler 
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nine. This was an unexpected finding and the explanation is not immedi- 
ately at hand. The activity is about 15 per cent, which is far too high to 
be accounted for on the basis of guanine contamination. It may be that 
the methylation of position 1 “fixes” the keto radical at position 6 (no 
enolization). It is then possible for the organism to aminate the 2 posi- 
tion to produce 1-methylguanine. 

All other methylxanthines tested were either inhibitory (caffeine, theo- 
bromine, theophylline, paraxanthine) or inert (7-methylxanthine, 3-methyl- 
xanthine). Aside from the single methyl substitution in position 1 men- 
tioned above, there tends to be an inverse relationship between the number 
of —CH; substitutions and the activity of the compound. Thus 7-methyl- 
xanthine and 3-methylxanthine are inert. When both these positions are 
filled with —-CH; groups (theobromine), an inhibitory compound is pro- 
duced. Substitution of position 3 or 7, together with position 1 (theo- 
phylline and paraxanthine), produces inhibitors, and even stronger inhi- 
bition results when all three positions (1, 3, and 7) are —-CH;-substituted 
caffeine). 

It has so far been impossible to release more than about half of the in- 
hibitory effect of the methylxanthines with guanine or any other purine or 
mixtures of purines. Best results in antagonizing the inhibition have been 
obtained with a mixture of guanine, xanthine, and adenine. The methyl- 
xanthines appear to inhibit more than one enzyme system. The non-purine 
systems affected seem to have a higher resistance than the purine systems. 
Thus, at relatively low levels of inhibitors, complete release can be ob- 
tained with the purine mixture but, at higher levels of inhibitors, no further 
rlease results. Raising the levels of the B vitamins as much as 100-fold 
or the addition of nicotine (5) had no effect. The nature of the non-purine 
system or systems interfered with by the methylxanthines must await fur- 
ther investigation. 

The triazolo compounds were first synthesized by Roblin et al. (6). The 


structural relationships with the purines can be seen if representation is 
made as follows: 


N=C—OH 
Sa 


NH,—C C—N—H 


| | N 


| | & 
N—C—N 


5-Amino-7-hydroxy-1H-v-triazolo{d]pyrimidine 


N 


in this form positions 5 and 7 of the triazolo compounds become the 
*quivalent of positions 2 and 6 of the purines, In effect, therefore, the 5- 











184 ACTIVITY OF SUBSTITUTED PURINES 


amino-7-hydroxytriazolo compound can be thought of as guanine (eng 
form) with a nitrogen replacing the 8 position carbon. 

This triazolo compound is by far the most powerful inhibitor encountered 
in this investigation. The inhibition index is 0.075. That is to say that 
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Fic. 1. Growth curves for two purine inhibitors and the effect of added guanylie 
acid. O, growth when 0.4 y per ml. of 5-amino-7-hydroxy-1H-v-triazolo{d]pyrimi- 
dine was present with an initial level of 12 y per ml. of guanylic acid. @, growth 
when 60 y per ml. of caffeine were present with an initial level of 5 y per ml. of 
guanylic acid. The solid lines represent the growth of the organisms after addition 
of guanylic acid, while the dash lines represent the growth without added guanyli¢ 
acid. Caffeine-inhibited organisms respond immediately to the addition of at 
tagonist (guanylic acid), while the 5-amino-7-hydroxytriazolo-inhibited organisms 
do not respond appreciably for many hours. 


1 molecule inhibits 13 to 14 molecules of guanine. This inhibition can be 
completely reversed by guanine. Roblin et al. (6) found this compound to 
be inhibitory to certain bacteria, the inhibition being specifically antago 
nized by guanine. The inhibition ratios were much higher, however, than 
is shown with Tetrahymena, 
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Tests were conducted wherein graded amounts of 5-amino-7-hydroxy-1H- 
y-triazolo|d|pyrimidine were added to the basal medium together with sub- 
optimum amounts (12 y per ml.) of guanylic acid, and growth was followed 
by readings at regular intervals. For comparison, a series with caffeine 
(with guanylic acid at 5 y per ml.) and two pyrimidine inhibitors (isobarbi- 
turic acid and 2-thiouracil) was similarly followed. In the last two cases 
suboptimum amounts of uracil (4) were used. Optimum amounts of an- 
tagonists (guanylic acid or uracil) were added aseptically after 64 hours of 
incubation. The control series, receiving no antagonist, was followed for 
the 140 hours of the duration of the experiment. Growth rates were pro- 
portional, in all cases, to the amount of inhibitor present during the first 64 
hours of incubation, and throughout the experiment in the controls. Im- 
mediate response in increased growth rate occurred when the antagonist 
was added to the caffeine, isobarbituric acid, and 2-thiouracil series. In 
the case of the 5-amino-7-hydroxytriazolo compound, however, the estab- 
lishment of the optimum growth rate was delayed 20 to 30 hours after addi- 
tion of the antagonist. Growth curves for single levels of each of two in- 
hibitors are shown in Fig. 1. 

When the 7 position (6 of the purine) is filled by an amino group (5, 
7-diamino-1H-v-triazolo{d|pyrimidine), the inhibition index is 85. Again 
guanine is capable of complete release. This triazolo compound is there- 
fore about as effective a guanine inhibitor as 2,6-diaminopurine, which it 
closely resembles from a structural standpoint, is a replacer of guanine. 

When the 5 position is unsubstituted (7-hydroxy-1H-v-triazolo|d|pyrimi- 
dine), the compound is inert. 


DISCUSSION 


Competitive inhibition is thought to result when a compound is similar 
enough structurally to a required metabolite to fit the enzyme system re- 
sponsible for the metabolism of the metabolite. The metabolic block would 
be due to the inability of the organism to make use of the inhibitor. If 
this were true, therefore, the most powerful inhibitors would be those with 
structures most nearly resembling those of required compounds. 

The extreme inhibitory activity of 5-amino-7-hydroxy-1H-v-triazolo[d]- 
pyrimidine may be due to its complete primary utilization by the guanine- 
enzyme system, to the extent that its nucleoside (and probably nucleotide) 
is formed in place of those of guanine. If this abnormal nucleotide is 
formed, however, it would appear to be fatal to the organism during later 
stages of development. This situation would be overcome only if enough 
guanine were present so that the formation of the abnormal nucleotide 
would be negligible. Evidence supporting this hypothesis is seen in Fig. 1. 


han | Relatively mild inhibitors, which may compete with the antagonist at the 


enzyme surface, are immediately overcome by large amounts of antagonist, 
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while appreciable time is required for overcoming the effects of the triazolo comp< 

compound. These results indicate to us a more intimate metabolic asgo- lofd)p: 

ciation on the part of the latter compound than milder inhibitors show, inert. 
The inhibitory activity of 5-7-diamino-1H-v-triazolo[d]pyrimidine jg of and ti 

such an order as to suggest competition with guanine at the primary enzyme hibitic 

surface with no further metabolism of the compound. sidual 


It was earlier suggested (4) that the testing of analogues of the pyrini- 
dines with the animal microorganism Tetrahymena might be a useful means 
of screening compounds for bacteriostatic action and therapeutic useful. 


1. Kid 
ness. Those compounds having low inhibition indices for Tetrahymena 2. Kide 
could be excluded from consideration as useful agents. 3. Brox 

The present investigation throws a somewhat different light on these con- ee 
. : irik ie ‘ 5. Cher 
siderations, due to a peculiarity of T'etrahymena when compared to the 6. Rob! 


mammal. ‘T'etrahymena is incapable of synthesizing guanine from adenine Jr. 
(2), while the reverse seems to be the case in mammals (3). If such organ- 

isms as blood flagellates (Trypanosoma), tissue flagellates (Schizotrypanum, 
Leishmania) intestinal amoebae (Endamoeba histolytica), malarial parasites, 

viruses, and rickettsiae should be found to follow the biochemical pattem 

of Tetrahymena and require guanine, then they should be powerfully in- 

hibited by the 5-amino-7-hydroxytriazolo compound, which in turn should 

possess little or no inhibitory action toward the mammalian host.’ This 
compound deserves serious consideration as a likely therapeutic agent. 


SUMMARY 


Twenty-one substituted purines were tested for replacement and sparing 
of guanine and inhibitory action, with the animal microorganism Tetrahy- 
mena, geleit. 

Four (1-methylguanine, 8-methylguanine, 1-methylxanthine, and 2,6 
diaminopurine) were found capable of supplying the purine requirement, 
replacing guanine. Four (adenine, hypoxanthine, 7-methylguanine, 1,/7- | 
dimethylguanine) can spare guanine but not replace it. 

The triazolo analogue of guanine (5-amino-7-hydroxy-1H-v-triazolo|d 
pyrimidine) is a powerful purine inhibitor with an inhibition index of 0.075. | 
The inhibition is completely reversed by guanine. Of two other triazolo 


1In a series of preliminary tests, mice were given intravenous, subcutaneous, 
and intraperitoneal injections of 5-amino-7-hydroxy-1H-v-triazolo{d]pyrimidine. 
No apparent toxicity resulted in any case, even though the compound was give! 
at levels of 100 y per gm. of mouse weight and this dose repeated three times daily 
for 3 days. The compound did not affect the fatal course of infection of mice with 
Trypanosoma rhodesiense, however. This might indicate the non-identity of the | 
purine pattern of metabolism of the flagellate with that of Tetrahymena, which would | 
not be unexpected, considering the generally accepted plant origin of the flagellate | 
stock. ' 
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compounds tested, one was moderately inhibitory (5-7-diamino-1H-v-triazo- 
lo[d|pyrimidine) and the other (7-hydroxy-1H-v-triazolo[d]pyrimidine) was 
inert. The dimethylxanthines (theobromine, theophylline, paraxanthine, 
and trimethylxanthine (caffeine) were found to be inhibitory, but the in- 
hibition was only partly reversed by guanine or other purines. The re- 
sidual inhibition was not reversed by known vitamins or nicotine. 
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INHIBITION OF THE PROTEINASE AND ESTERASE ACTIVI- 
TIES OF TRYPSIN AND CHYMOTRYPSIN BY DITSOPROPYL 
FLUOROPHOSPHATE: CRYSTALLIZATION OF INHIBITED 
CHYMOTRYPSIN* 


By EUGENE F. JANSEN, M.-D. FELLOWS NUTTING, ROSIE JANG, anp 
A. K. BALLS 


(From the Enzyme Research Division, Bureau of Agricultural and Industrial Chemistry, 
Agricultural Research Administration, United States Department 
of Agriculture, Albany, California) 


(Received for publication, December 27, 1948) 


The discovery of the esterase activity of trypsin and chymotrypsin (1, 2) 
has naturally raised the question whether the two activities are referable to 
the same or to different functional groups in these proteins. Schwert et 
al. (1) have concluded that the hydrolysis of a-benzoyl-L-arginine methyl 
ester and a-toluenesulfonyl-L-arginine methyl ester was catalyzed by tryp- 
sin itself and by the same active surfaces responsible for the proteolytic ac- 
tivity (as measured by the hydrolysis of a-benzoyl-L-arginineamide) on the 
basis of the following evidence: (a) All crystalline trypsin preparations had 
approximately the same esterase activity regardless of the method of puri- 
fication, (b) the autolysis of trypsin in alkaline solution resulted in a parallel 
decrease in both activities, (c) the pH optimum for casein and ester hy- 
drolysis was the same, and (d) the addition of increasing amounts of crys- 
talline soy bean inhibitor progressively reduced both activities. 

It occurred to us that the high!v selective inhibition of certain esterases 
by various organic phosphates, notably diisopropy] fluorophosphate (DFP) 
and tetraethyl pyrophosphate (TEP), might furnish additional evidence 
for the similarity or dissimilarity of the centers of proteinase and esterase 
activities. It has been shown that both true and pseudo cholinesterases 
are readily inhibited by DFP (3) and by the mixture called hexaethyl] tetra- 
phosphate of which TEP is the active constituent (4). Furthermore the 
inhibitory action of DFP has been regarded as strictly confined to certain 
esterases (5),! and a preliminary test showed us that the esterase activity 
of both trypsin and chymostrypsin was in reality strongly inhibited by 
DFP. Accordingly, a test was made to see whether both activities were 
similarly affected. The work presented here shows that this is the case, 


* Enzyme Research Division Contribution No. 118. 

The inhibition is generally considered irreversible in vitro, although this may 
depend on factors other than the enzyme itself, for in the case of (citrus) acetylesterase 
we have observed TEP inhibition to be reversible in vitro and DFP inhibition to be 
reversible in the intact fruit (6). 
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and thus supports the view that a single group is responsible for both 
enzyme actions. ; 
Chymotrypsinogen, which is neither an esterase nor a proteinase per se, ‘ 
was not affected in any observed fashion by a concentration of DFP 10 J 
times that needed to cause complete inactivation of the corresponding 
quantity of chymotrypsin. After treatment it could be recrystallized in 
typical form and activated with trypsin to give chymotrypsin with the : 
same proteinase and esterase activity as chymotrypsin resulting from un- ‘ 
treated chymotrypsinogen. d 
On the other hand, both the proteinase and esterase activities of erys- of 
talline trypsin and crystalline chymotrypsin were readily inhibited by tk 
small concentrations of DFP (though not by relatively large concentra- re 
tions of TEP). With each enzyme the inhibition of both activities oc- 
curred at essentially the same rate and to the same extent. 
The foregoing results agree with the postulate that one group is respon- 
sible for both the esterase and proteinase activities in trypsin and chymo- be 
trypsin. The same conclusion has been reached by an entirely different - 
method, whereby trypsin was partially inactivated by hydrostatic pres- 0. 
sure. In this case also the loss of esterase activity paralleled that of pro- ae" 
teinase activity.2, However, the existence of two kinds of active groups to 
in trypsin is a distinct possibility from the observation of Fraenkel-Conrat, sl 
Bean, and Lineweaver (7) that acetylated trypsin, although still proteo- tin 
lytic, can no longer be readily inhibited by ovomucoid, the antitrypsin of cor 
egg white. A sample of acetyl trypsin? showed only about half as much wh 
proteinase activity per measure of esterase activity as found for crystalline In 
trypsin. It is true that when treated with DFP this sample lost both pro- ove 
teinase and esterase activity, but it required much more inhibitor, andthe ; | 
loss of proteinase activity was disproportionally greater than that of rec 
esterase activity. This observation is in direct contrast to all the others | |yo 
reported here and will be discussed later. | asc 
Extremely small quantities of DFP were found to be sufficient for the wer 
inhibition of chymotrypsin. In equimolar proportions the enzyme wasal- | get; 


most totally inhibited.* The chance of obtaining DFP-inhibited chymotryp- | tioy 
sin in crystalline form seemed therefore to be good, and the attempt was 
successful. Crystalline chymotrypsin was completely inhibited by DFP land 


and the resulting product recovered in crystalline form. After one re ‘ 
crystallization, the resulting protein showed no esterase or proteinase ac- 7 
New 

Part of an investigation of the effect of high pressures on enzymes, sponsored 
by Bankhead-Jones funds. The results will be published shortly. pora 


* Kindly furnished by Dr. H. Fraenkel-Conrat. 
‘ Trypsin required more inhibitor possibly because the pH for the optimal effec 


| 
| 
of DFP was net used on account of the instability of trypsin in that range. | stitu 
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tivity whatever. Furthermore it exerted no inhibitory effect on active 
chymotrypsin, so presumably it contained no free DFP. The crystals 
were (to us) indistinguishable from ordinary a-chymotrypsin. This sub- 
stance appears to be one of the few known examples of an artificially in- 
hibited enzyme in the crystalline state. Kunitz and Northrop (8, 9) have 
prepared crystalline trypsin-inhibitor complexes and Herriott and North- 
rop (10) crystallized acetylated derivatives of pepsin whose activities 
varied with the degree of acetylation. We believe that DFP-inhibited 
chymotrypsin will also serve as a useful material for studying the mode 
of action of some hydrolytic enzymes, as well as the specific effect of DFP 
thereon. The results of further study on this crystalline product will be 
reported later. 


Materials and Methods 


Inhibitors—The DFP® was analytically pure, the TEP® was at least 95 
per cent pure, and the diethyl p-nitrophenyl thiophosphate (parathion)? 
was technical grade. Stock solutions of the inhibitors were made to be 
0.1 to 0.001 m in anhydrous isopropanol; such solutions were stable for 
several months in the refrigerator. Aliquots of these solutions sufficient 
to give the desired concentration of inhibitor were added to an enzyme 
solution and incubated at room temperature (25° + 1°) for a specified 
time previous to assay. As a control, pure isopropanol was added in a 
corresponding amount to a similar enzyme solution in order to ascertain 
whether any of the inhibition observed might be due to the isopropanol. 
In no case did the amount of isopropanol used produce any inhibition 
over the time of the experiment. 

Enzymes and Assay Methods—The crystalline chymotrypsinogen*® was 
recrystallized seven times after receipt, then exhaustively dialyzed and 
lyophilized. The crystalline chymotrypsin® and trypsin!’ were obtained 
as dry filter cakes. The proteinase activities of trypsin and chymotrypsin 
were determined by the Anson hemoglobin method (11). The esterase 
activity of trypsin was determined by a continuous potentiometric titra- 
tion procedure similar to that used by Schwert e¢ al. (1), in which the car- 


* Obtained from the Medical Division, Army Chemical Center, Edgewood, Mary- 
land, through the courtesy of Captain James A. Campbell. 

* Kindly supplied by Dr. Howard Adler of the Victor Chemical Works, Chicago. 

"Kindly supplied by Mr. A. F. Kirkpatrick of the American Cyanamid Company, 
New York. 

* Purchased from the Plaut Research Laboratory, Lehn and Fink Products Cor- 
poration, Bloomfield, New Jersey. 

* Purchased from the Armour Laboratories, Armour and Company, Chicago. 

“Kindly supplied by Dr. M. Kunitz of the Laboratories of The Rockefeller In- 
stitute for Medical Research, Princeton, New Jersey 
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boxyl groups liberated by the hydrolysis of a-toluenesulfonyl-t-arginine 
methyl ester (TSAME) were neutralized with 0.02 n NaOH. No buffer 
was needed with this dilute alkali. The 20 ml. reaction mixture consisted 
of sufficient TSAME to make it 0.01 m and, routinely, an amount of en- 
zyme which would cause the liberation of 0.005 m.eq. of carboxyl groups 
per minute. The pH was maintained at 7.5 by the addition of 0.02 y 
NaOH, and periodically readings were made of the alkali added. The 
hydrolysis (with trypsin) proceeded as a zero order reaction. The results 
are expressed in milliequivalents of carboxyl groups liberated per minute 
per mg. of protein nitrogen, or in the per cent of a control. The esterase 
activity of chymotrypsin was likewise determined by a continuous titra- 
tion procedure, L-tyrosine ethyl ester (TEE) being used as a substrate 
TEE was hydrolyzed at the same rate as benzoyl-L-tyrosine ethyl ester, 
but TEE had the advantage of being more soluble in water. The condi- 
tions of assay were the same as those used for trypsin; 7.e., the substrate 
concentration was 0.025 m, and the pH of the assay was 7.5. Since the 
reaction with chymotrypsin was found to be one of first order, the results 
were calculated in terms of milliequivalents of carboxyl groups liberated 
per minute on the basis of the initial slope. 

The symbols [Enz. u.}po7s""°py established by Northrop and his group 
were used to express activities; ¢.g., [T. u.Jngpx represents the trypsin 
units with the use of TSAME as a substrate (milliequivalents of COOH 
groups liberated per minute) per mg. of protein nitrogen. 

The term pK is used to denote the negative logarithm of the concentra- 
tion of inhibitor required to produce 50 per cent inhibition. 


EXPERIMENTAL 


Failure of DFP Treatment to Alter Chymotrypsinogen—Schwert et al. (1 
found that chymotrypsinogen failed to hydrolyze a-benzoyl-L-arginine 
methyl ester, whereas chymotrypsin hydrolyzed this substrate well. Sim- 
ilar results were obtained by us with TEE, with which 15 mg. of chymo- 
trypsinogen failed to cause any detectable hydrolysis. Hence the conver- 
sion of the zymogen to the active enzyme uncovers both the proteinase and 
esterase centers of activity. 

Chymotrypsinogen was dissolved in 0.2 m phosphate buffer of pH 7./ 
to give a concentration of 15 mg. per ml. Sufficient DFP was added to 


give a final concentration of 0.001 m. After 24 hours 1 ml. of the solution | 


was diluted with 6 ml. of buffer, and 0.01 mg. of trypsin in 2 ml. of 0.000 
Nn HCl was added. After incubation at 5° for 24 hours the activity" was 


[Xt. u.Jae, = 0.0028. (A control sample of untreated chymotrypsinoge! 


11 The activities are expressed on the basis of the weight of the chymotrypsinoge! 
used to convert to the active enzyme. 


| 


| 
| 


W 


tryp 


acet; 
bim« 
ester 
Was 





ine 
Ter 
ted 
en- 
ups 
2 N 
The 
ults 
ute 
rase 
itra- 
rate 
ster, 
yndi- 
trate 
» the 
sults 
rated 


zroUup 
'ypsin 
‘OOH 


entra- 


al. (1 
rginine 
Sim- 
‘hymo- 
sonvel- 
ise and 


pH 7.7 


— 
ee 


ided to 


solution | 


of 0,008 
pyil was 


ysinogel 


psinogel 


| 


JANSEN, NUTTING, JANG, AND BALLS 193 


which was converted under the same conditions gave an identical activity.) 
The chymotrypsin was incubated with 0.00005 m DFP at 25° for 20 min- 
utes, after which no TEE activity was detectable. 

In another experiment 2.4 gm. of chymotrypsinogen were dissolved in 
160 ml. of 0.2 m phosphate buffer at pH 7.7 and then treated with suffi- 
cient DFP to give a final concentration of 0.001 m. After 24 hours the pH 
was adjusted to 5.0 with 2 m H:SO,, and 78 ml. of saturated ammonium 
sulfate were added. On standing at 5° for 24 hours, typical chymotryp- 
sinogen crystals formed. A further crop of crystalline chymotrypsinogen 
was obtained by precipitating the residual protein in the mother liquor by 
0.9 saturation with ammonium sulfate and treating this precipitate accord- 
ing to the method of Kunitz and Northrop (12). The crystalline material 
was suspended in water, exhaustively dialyzed against water, and lyo- 
philized. The yield was 870 mg. or 36 per cent. On conversion to chymo- 
trypsin with trypsin under conditions similar to the above, but for 48 
hours (longer incubation failed to cause an increase in activity), the activ- 


ities! were [Xt. u.]ng. = 0.0047 and [Xt. u.]ng. = 0.0049. A control 
sample of untreated chymotrypsinogen gave 10 per cent less esterase activ- 
ity but an identical proteinase activity. On treatment with DFP to give 
a concentration of 0.00005 m and with a concentration of 1 mg. of enzyme 
per ml., both the chymotrypsin of the control and also that derived from 
the DFP-treated chymotrypsinogen were completely inhibited. Hence, 
if there was a reaction between DFP and chymotrypsinogen, it did not 
affect the conversion to active chymotrypsin, or the inhibition of the re- 
sulting enzyme by DFP. 

Effect of DFP on Trypsin and Acetylated Trypsin—Contrary to the re- 
sults observed with acetylesterase (6), the pH of the reaction contributed 
greatly to the inhibition of trypsin by DFP. When trypsin (0.025 mg. 
per ml.) was incubated in 0.0001 m DFP at pH 3.5, 4.5, 5.0, and 6.0 for 
20 minutes prior to assay, it was found that 0, 9, 23, and 67 per cent inhi- 
bition had occurred. However, because of the well known instability of 
trypsin at pH values close to neutrality, a compromise at pH 5 was used 
for the results reported here. For this reason the results on trypsin are 
not quantitatively comparable to those obtained with chymotrypsin, as in 
the latter case it was possible to use a pH at which the reaction with DFP 
proceeded rapidly, yet at which the pH was without effect on the chymo- 
trypsin. 

In Fig. 1 typical results are presented of the inhibition of trypsin and 
acetylated trypsin with DFP. The inhibition reactions proceeded as 
bimolecular reactions similar to that observed for the inhibition of acetyl- 
esterase (6). Incubation of trypsin in the presence of 4 x 10-* m DFP 
was sufficient to cause well over 80 per cent inhibition in 24 hours. On 








INHIBITION 


% 





194 INHIBITION OF TRYPSIN AND CHYMOTRYPSIN 














































the other hand, acetylated trypsin was inhibited at a much slower rate with is | 
a given concentration of DFP. At a DFP concentration of 4 & 10> y out 
the inhibition did not go over 50 per cent and was incomplete even at 10 x ] 
10-*m DFP. Furthermore, the inhibitions of the two activities were not DE 
parallel as in-the case of unchanged trypsin. The reason for these differ- use 
ences is not apparent. However, the sample of acetylated trypsin (7), in rea 
which essentially only amino groups were acetylated (amino N had been At 
decreased from 1.2 to 0.4 per cent), and which had been stored in the cold tion 
for several months, had the activities [T. u.]2g. pv = 0.085 and [T. uJ2°s teil 
= 1.59. The ratio of TSAME:Hb was 18.7. The activities of trypsin an} 
are [T. u.Jae pn. = 1.75 and [T. ne pn = 0.17, giving a ratio of 10.3. 
tT T ' tT i T | 
—e 
80} “ ‘7 
60}F os « “No.ooim DFP + 
*0.0001M DFP x 
ioe 7 “> 0.0004 M DFP 
20 O ESTERASE | O ESTERASE 
@ PROTEINASE @ PROTEINASE 
j | \ | i j | 
+ § 10 IS 20 5 10 15 20 
‘ HOURS HOURS 
TRYPSIN ACETYL TRYPSIN 

Fic. 1. The inhibition of the esterase and proteinase activities of trypsin and F 
acetyl trypsin by DFP. The concentration of trypsin was 0.004 mg. of protein nitro- | by I 
gen per ml. in 0.2 m acetate buffer at pH 5.0. The concentration of acetyl trypsin was cule 
0.003 mg. of protein nitrogen per ml. in the same buffer. wr 

In conjunction with Fraenkel-Conrat, the effect of acetylation on the | "VI 
activities of trypsin was studied further. It was found in two additional | 
experiments that freshly prepared acetyl trypsin (acetylated to the same | of I 
extent as the above) had an esterase activity identical to that of untreated chy 
trypsin but a proteinase activity of approximately 50 per cent. The acety! I: l, 
trypsin was less prone to autolysis in solution than is trypsin. The activ- of in 
ity-substrate-concentration relationship was the same for the hydrolysis acti 
of TSAME or hemoglobin by trypsin and acetyl trypsin. Hence the de- A 
crease in the proteinase activity of acetyl trypsin was real and not due to 4 os 
difference in the affinity of enzyme for the substrates. ei 

Effect of DFP on Chymotrypsin—The effect of pH on the inhibition of Is 
chymotrypsin by DFP was similar to that observed with trypsin. The 2 
most effective pH for the inhibition reaction was 7.5. Since chymotrypsit | rat 
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is stable at this pH, all the experiments with chymotrypsin were carried 
out at pH 7.5 to 7.7. 

In Fig. 2 the results obtained on the inhibition of a-chymotrypsin by 
DFP are presented. A 20 minute exposure period of enzyme to DFP was 
used prior to assay. Unlike acetylesterase (6), and trypsin (Fig. 1), the 
reaction of DFP with chymotrypsin was finished in less than 5 minutes. 
At the low concentrations of DFP used in this experiment, longer incuba- 
tion periods failed to cause any further inhibition. The esterase and pro- 
teinase activities of the chymotrypsin were essentially equally inhibited at 
any given concentration of DFP (Fig. 2). Hence both activities of chymo- 
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NEGATIVE LOG. MOLAR CONC. OF DFP 
Fic. 2. The inhibition of the esterase and proteinase activities of a-chymotrypsin 
by DFP. The concentration of a-chymotrypsin was 0.060 mg. of protein nitrogen 
per ml. in 0.2 m phosphate buffer at pH 7.7; the time of exposure was 20 minutes 
at room temperature. 


trypsin appear to involve the same active centers. The point of 50 per 
cent inhibition was found to be 8 X 10-*m DFP. When the molar ratio 
of DFP to chymotrypsin (with use of 27,000 for the molecular weight of 
chymotrypsin, which has a nitrogen content of 15.83 per cent (13)) was 
1:1, practically total inhibition occurred. This is indeed a small amount 
of inhibitor, and indicates that there are not more than one or possibly two 
active centers in the chymotrypsin. 

A similar experiment with 8-chymotrypsin gave identical results. The 
curves obtained with an equal quantity of 6-chymotrypsin were practically 
superimposable on those presented in Fig. 2. 

Isolation of Crystalline DFP-Inhibited Chymotrypsin—A solution of 0.855 


* We have recently found that the molecular weight of the chymotrypsin prep- 
aration we used is 27,000 + 1000, rather than 40,000 (13). 








aaa aaa anaemia 


196 INHIBITION OF TRYPSIN AND CHYMOTRYPSIN 

gm. of chymotrypsin (= 0.0317 mm of the enzyme) was prepared in 509 es 
ml. of 0.2 m phosphate buffer at pH 7.7. To this, 0.050 mm of DFP was ce 
added in two portions with a 30 minute interval. The solution was thep hi 
stored at 5° for 18 hours, when 98 per cent of the enzyme was found to be or 
inhibited. The protein was precipitated from solution by 0.7 saturation fo 


with ammonium sulfate. After filtration the protein was crystallized twice 
according to the method of Kunitz and Northrop (12) for a-chymotrypsin, 
Although the resulting crystals were indistinguishable from normal o- 
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TABLE I wl 

: ; i 

Effect of DFP, TEP, and Parathion on Liver Esterase, Acetylesterase, and Trypsin . 

0 

| pK of inhibition by no 

Enzyme ee eee | pie: —-. inc 

| Diisopropyl Tetraethyl —_ 

fluorophosphate pyrophosphate arathion pel 

Esterase (liver)*...... Lae <6.0 6.0 1.0 . 

Acetylesteraset................ 4.3 6.0 ae t é 

ERE SS eee eee es 4.0 t t In 

: ei OTE ms fe ae ay? the 

*This enzyme preparation was obtained from guinea pig livers. Diacetin was ity 
used as a substrate. 

+The acetylesterase was a partially purified enzyme preparation obtained from a 

oranges (14). The values are those previously reported (6). spl 

t The inhibitors in a concentration of 1 X 10° m were without effect on these en- 1S I 

zymes. irre 

. . . . ren 

chymotrypsin, the crystallization was more complete than with a control nev 

sample of a-chymotrypsin. Very little protein remained in solution under , 

the conditions used, and the solubility had been appreciably changed. was 


The inhibited enzyme was then dissolved in approximately 50 ml. of water try] 
and dialyzed in cellophane tubing against cold dilute hydrochloric acid to ii 
at pH 3.5 for several days and then dialyzed exhaustively against water. | not 
The aqueous solution was finally lyophilized. Approximately 50 per cent 0 
of the protein was recovered. After the dialysis and lyophilization, it was | Pra, 
completely inactive, as measured with hemoglobin and with TSAME. dor 
The inert (inhibited) protein was also mixed with active a-chymotrypsil | eng 
in equal amounts and assayed. The activities obtained on both typeso | inhi 
substrate were identical to those obtained when no DFP-inhibited chymo- that 
trypsin was present. Hence, no excess of DFP was present in the inert | the 
protein. | app: 

Effect of DFP, TEP, and Parathion on Several Esterases—The effect o | hem 
these phosphate ester inhibitors was determined on liver esterase, acetyl- | grou 
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esterase, and trypsin. The results (Table I) show that, at least in the con- 
centrations studied, only DFP inhibited trypsin. Acetylesterase was in- 
hibited only by DFP and TEP, whereas all three inhibitors were effective 
on liver esterase, but the pK value differed for each inhibitor. The reason 
for the varied response to the several inhibitors is not apparent. 


DISCUSSION 


Many differences in the behavior of several esterases to inhibitors of the 
phosphate-ester class are now apparent. It cannot yet be concluded 
whether these differences reflect various reactions of the inhibitors, or a 
different effect of the same reaction on each enzyme. It may be noted, 
however, that DFP, the most general of these inhibitory phosphates, is 
not consistent in its effects. With acetylesterase, the inhibition is quite 
independent of pH; with trypsin or chymotrypsin the inhibition is de- 
pendent upon pH. 

All of the results reported here are in accord with the hypothesis that 
the proteolytic and esterolytic activities of trypsin or chymotrypsin reside 
in the same active centers, except the anomaly of acetyl trypsin, in which 
the acetylation had reduced the proteolytic but not the ester-splitting activ- 
ity. We are inclined to believe that some explanation of this behavior in 
accordance with the hypothesis of identity between ester and protein- 
splitting centers should be sought. The argument that this acetyl trypsin 
is not a unit substance does not appear to carry much weight. Whether 
irregularly acetylated or contaminated by inhibitory impurities, the fact 
remains that, if only one active group is involved, the involvement should 
nevertheless apply to both reactions. 

It has been shown that the esterase activity of the acetylated protein 
was about double the proteinase activity, when compared with normal 
trypsin. The esterase activity of the acetylated protein was also harder 
toinhibit by DFP than its proteinase activity. In fact the activities could 
not be completely inhibited by DFP in any reasonable concentration. 

On the other hand, the evidence (as presented here and also as given by 
Fraenkel-Conrat et al. (7)) indicates rather conclusively that acetyl groups 
donot combine with the enzyme at the same point as does DFP. The pres- 
ence of acetyl neither destroys enzymic activity nor prevents subsequent 
inhibition with DFP. A reasonable explanation of the facts as known is 
that some of the acetyl groups occupy a strategic position with respect to 
the proteolytic (and esterolytic) center. By virtue of this position, the 
approach of ovomucoid to the functional group is prevented and that of 
hemoglobin considerably restricted, while access of DFP to the functional 
group is much less impaired and access of ester substrate molecules is not 
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impaired at all. If this represents the true state of affairs, it is obvious iti 
that the size of the molecule approaching the functional group is of impor. 
tance, but not entirely critical; otherwise DFP inhibition should be as easily 
obtained with acetyl trypsin as with the original enzyme. ; 

It now appears in the case of chymotrypsin and DFP that a definite and D 
probably stoichiometric compound of enzyme and inhibiting ester is formed, 
It seems to us a good working hypothesis to consider that the enzyme com- 


bines with DFP at the same point as it does with a hydrolyzable ester, : 
In one case, however, hydrolysis takes place with subsequent release of eq 
the reaction products by the enzyme, while on the other hand the DFP tir 
complex could remain unaltered because of the inability of the enzyme to | 
hydrolyze it. Such a combination could be irreversible (as the DFP in- aft 
hibition is found to be), and the active centers so covered would then be ma 
unavailable for esterolysis. Such a hypothesis must include prominently hil 
the possibility that DFP combines with the active group in a manner un- st 
like that of a hydrolyzable ester with the esterase (for instance by the elim- 
ination of fluorine). This would at least explain the difference in inhibi- int 


tory effect between DFP and the other phosphates tested. It must be wh 
admitted, however, that no positive evidence yet exists that DFP does 
not react with a neighboring group and thus interfere with the enzyme 
action by an effect akin to steric hindrance. In any event a complete 
understanding of the mode of action of DFP on esterases may well lead 
to an understanding of their mode of action. 


— 


SUMMARY 


1. DFP was found to be without effect on chymotrypsinogen. After 
treatment with a relatively large amount of DFP, chymotrypsinogen was | 
again crystallized and then converted to normal chymotrypsin by the action 
of trypsin. Ee 

2. Trypsin was inhibited by minute amounts of DFP. The inhibition | 10. 
was greater at neutrality than at acid pH values. However, because of | 11, 
the instability of trypsin at neutrality, it was necessary to carry out the | 1 
inhibition studies at pH 5.0. At this pH the inhibition was progressive | ® 
with time, and was essentially complete in 24 hours at a concentration of | ad 
DFP of 4 X 10-*m. The esterase and proteinase activities of trypsin were 
equally affected, showing that the two activities probably reside in the 
same active centers of the molecule. 

3. Acetyl trypsin, in which most of the amino groups had been acetylated, 
required higher concentrations of DFP for inhibition, and the inhibition — 
was never observed to be as complete as with trypsin. Acetylation of | 
trypsin caused a decrease in proteinase activity without affecting that df | 
the esterase. In spite of this anomaly, the esterase and proteinase actiY- 
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ities are thought to reside in the same active center of trypsin. The rea- 
sons for this hypothesis are discussed. 

4, Chymotrypsin is inhibited by DFP. The inhibition is greatest at 
pH 7.5 to 7.7. The enzyme was 50 per cent inhibited by 8 X 10° m 
DFP. The inhibition of chymotrypsin proceeded much more rapidly than 
with trypsin. Approximately 1 mole of inhibitor was required for com- 
plete inhibition of chymotrypsin. Both a- and 6-chymotrypsin were sim- 
larly inhibited by DFP. The esterase and proteinase activities were 
equally inhibited by DFP, showing the probable identity of the two ac- 
tivities. 

5. a-Chymotrypsin, completely inhibited by DFP, was crystallized there- 
after by the procedure used with the active enzyme. After a recrystalli- 
zation, dialysis, and lyophilization, the enzyme was still completely in- 
hibited. The crystalline DFP-inhibited chymotrypsin is being used in a 
study of the mode of action of DFP on enzymes. 

6. Of the three inhibitors, DFP, TEP, and parathion, only DFP was 
inhibitory to trypsin. Both DFP and TEP inhibited acetylesterase, 
whereas all three were effective on liver esterase. 


BIBLIOGRAPHY 


_ 


. Schwert, G. W., Neurath, H., Kaufman, S., and Snoke, J. E., J. Biol. Chem., 
172, 221 (1948). 
. Kaufman, 8., Schwert, G. W., and Neurath, H., Arch. Biochem., 17, 203 (1948). 
. Mazur, A., and Bodansky, O., J. Biol. Chem., 163, 261 (1946). 
. DuBois, K. P., and Mangun, G. H., Proc. Soc. Exp. Biol. and Med., 64, 137 (1947). 
Webb, E. C., Biochem. J., 42, 96 (1948). 
. Jansen, E. F., Nutting, M.-D. F., and Balls, A. K., J. Biol. Chem., 175, 975 (1948). 


. Fraenkel-Conrat, H., Bean, R. 8., and Lineweaver, H., /. Biol. Chem., 177, 385 
(1949). 


8, Northrop, J. H., and Kunitz, M., Science, 81, 418 (1935). 
9, Kunitz, M., J. Gen. Physiol., 30, 311 (1947). 


10. Herriott, R. M., and Northrop, J. H., J. Gen. Physiol., 18, 35 (1934). 
ll, Anson, M. L., J. Gen. Physiol., 22, 79 (1938). 


12. Kunitz, M., and Northrop, J. H., J. Gen. Physiol., 18, 433 (1935). 
13. Kunitz, M., J. Gen. Physiol., 22, 207 (1938). 
\4. Jansen, E. F., Jang, R., and MacDonnell, L. R., Arch. Biochem., 15, 415 (1947). 


ny oOo ee SH DO 











MO 


of ti 
fluo: 
occ 


biti 


are 





MODE OF INHIBITION OF CHYMOTRYPSIN BY DIISOPROPYL 
FLUOROPHOSPHATE 


I. INTRODUCTION OF PHOSPHORUS* 


By EUGENE F. JANSEN, M.-D. FELLOWS NUTTING, anp A. K. BALLS 


(From the Enzyme Research Division, Bureau of Agricultural and Industrial Chemistry, 
Agricultural Research Administration, United States Department 
of Agriculture, Albany, California) 


(Received for publication, January 7, 1949) 


It has been previously shown that the esterase and proteinase activities 
of trypsin and chymotrypsin (1, 2) were equally inhibited by diisopropyl 
fuorophosphate (DFP) (3). With chymotrypsin, 50 per cent inhibition 
occurred when 0.55 mole of inhibitor per mole of enzyme! was used at 
pH 7.7. On the basis of a linear relationship between the per cent inhi- 
bition and the concentration of DFP, 1.1 moles of inhibitor would be needed 
for complete inhibition. Crystalline DFP-inhibited chymotrypsin was 
obtained by the reaction of DFP slightly in excess of 1 mole to 1 mole of 
enzyme. This reaction product remained completely inactive either as an 
esterase or proteinase after recrystallization, dialysis, and lyophilization. 
Furthermore, it did not inhibit active chymotrypsin when mixed there- 
with. 

On the other hand, DFP was without effect on crystalline chymo- 
trypsinogen. After treatment with DFP, this zymogen could again be 
crystallized and converted by the action of trypsin to chymotrypsin. 
The resulting enzyme was found to be just as active and just as susceptible 
to inhibition by DFP as that resulting from untreated chymotrypsinogen. 
From this it was concluded that if there was a reaction between DFP and 
chymotrypsinogen, it did not affect the conversion to the active chymo- 
trypsin or the inhibition of the resulting enzyme by DFP (3). 

By the use of DFP containing radioactive phosphorus (P*) it has now 
been shown that the phosphorus moiety of DFP is firmly attached to the 


_ crystalline DFP-inhibited chymotrypsin. Furthermore, the amount of 


phosphorus bound (after treatment of chymotrypsin with a small excess of 
DFP) in the twice crystallized, dialyzed, and completely inhibited enzyme 
was found to be 1.1 moles per mole of enzyme, a result which is in good 


agreement with the amount previously calculated on a stoichiometric basis 
irom the 50 per cent inhibition value. 


* Enzyme Research Division Contribution No. 119. 
‘We have recently found that the molecular weight of the chymotrypsin prep- 
aration we used is 27,000 + 1000, rather than 40,000 (4). 
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Chymotrypsinogen, when treated with radioactive DFP under condi- 1 
tions identical with those used for the chymotrypsin, did not react with the I 
DFP as shown by the failure of the chymotrypsinogen to become radio- t 
active. Therefore, as suggested previously (3), the conversion of the l 
zymogen to the active enzyme liberates not only the groups responsible ¢ 
for activity but also those which react with DFP. d 

The attachment of the phosphorus moiety of DFP during the inhibition p 
reaction of chymotrypsin is suggestive that the mode of action of DFP is 8 
not the same as that of hexaethyl tetraphosphate (HETP). Brauer (5 ft 
has found that in the inactivation of human plasma cholinesterase with 0! 
HETP containing P® no stable combination between the esterase and a W 
phosphorus-containing moiety of HETP took place. He suggested that pl 
the mechanism of HETP inhibition involved an exchange reaction between , pl 
an active hydrogen of the protein and an alkyl group of the inhibitor. er 
Since tetraethyl pyrophosphate (TEP), the active constituent of HETP, in 
was found to be without effect on chymotrypsin (3), it is apparent that the ta 
mechanism of DFP and TEP inhibition must differ. H 

d 

Materials and Methods | je 

The crystalline chymotrypsin? (57 per cent enzyme) was obtained as a bu 
dry filter cake. The crystalline chymotrypsinogen® was recrystallized wa 
seven times after receipt, and then exhaustively dialyzed and lyophilized. | Pe 
The proteinase and esterase activities were determined by the methodsde- | to 
scribed previously (3). The radioactive DFP,‘ which contained approxi: | He 
mately 1 millicurie per 25 mg., was made up to be 0.0108 in isopropand. | 1.0 
The radioactivity determinations were made with a Geiger-Miiller scaler. | int 
All the countings for the chymotrypsin experiment were carried out within int 
a few hours at the end of the experiment. Similarly, the countings of the | ple 
chymotrypsinogen experiment were completed within a few hours, but ata I 
later date. of 
EXPERIMENTAL Aft 
Inhibition of Chymotrypsin by Radioactive DF P—To a solution of | gm. bro 
of chymotrypsin preparation (570 mg. or 0.0211 mm of enzyme’) in 333 ml by | 
of 0.2 m phosphate buffer at pH 7.7, 3.3 ml. of 0.0108 m radioactive DFP = 
2 Purchased from the Armour Laboratories, Armour and Company, Chicago, was 
Illinois. | 1.97 
? Purchased from the Plaut Research Laboratory, Lehn and Fink Products up | 
Corporation, Bloomfield, New Jersey. — | de 
4 Obtained through the courtesy of Dr. Bernard J. Jandorf, Biochemistry 5¢ | i 
tion, Medical Division, Army Chemical Center, Edgewood, Maryland. The 
5 The nitrogen content of chymotrypsin is 15.83 per cent (4). | and 
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were added. ‘The total count of the reaction mixture was 2.65 X 10® per 
minute. From a separate count of an aliquot of the DFP solution, inac- 
tivated with alkali, the count of the amount of DFP added was 2.67 x 108 
per minute; hence the reaction mixture had the correct count. After in- 
cubating overnight at approximately 20°, the esterase activity had been re- 
duced by more than 95 per cent. The reaction mixture was adjusted to 
pH 4.0 with 5 n H,SQ, and the protein precipitated therefrom by 0.8 
saturation with ammonium sulfate. The filtrate, which was essentially 
free of protein, had a total count of 0.74 X 10° per minute, or 27.9 per cent 
of that of the reaction mixture. Hence, 0.025 mm of DFP had reacted 
with 0.0211 mm of chymotrypsin. Therefore the molar ratio of the phos- 
phate moiety of the DFP combined with the chymotrypsin was 1.2. The 
protein filter cake was then crystallized by the method used for the active 
enzyme (6). After one recrystallization the inert protein crystals were 
indistinguishable in form from those of active a-chymotrypsin. Thecrys- 
talline product was dissolved in 30 ml. of water and dialyzed against dilute 
HCl at pH 3.5 for 4 days in the cold, the dilute HCl solution being changed 
daily. After the Ist day the HCl solution had a negligible radioactivity. 
The inert protein solution was then dialyzed against cold 0.01 m phosphate 
buffer at pH 3.5 for 1 day longer. The resulting protein solution, which 
was still completely inactive, had a count of 2.48 X 10‘ counts per minute 
per ml. and a nitrogen content of 1.32 mg. perml. The count corresponded 
to 3.31 X 10-* mm of DFP and the nitrogen to 3.08 X 10-* mm of protein. 
Hence the molar ratio of DFP to chymotrypsin in this final product was 
1.08:1. Therefore, it is clear that the phosphorus moiety of the DFP was 
introduced into the chymotrypsin and that the amount of phosphorus so 
introduced corresponded to the amount of DFP necessary to cause com- 
plete inhibition of the chymotrypsin (3). 

Failure of Radioactive DFP to React with Chymotrypsinogen—A solution 
of crystalline chymotrypsinogen (500 mg. in 333 ml. of 0.2 m phosphate 
buffer at pH 7.7) was treated with 3.3. ml. of 0.0108 m radioactive DFP. 
After standing for 24 hours at approximately 20° the pH of the solution was 
brought to 4.8 by the addition of 2m H2SQ,. The protein was precipitated 
by 0.8 saturation with ammonium sulfate. After filtration an aliquot of 
the protein-free filtrate and an aliquot of the DFP solution, inactivated by 
alkali, were examined for radioactivity. The total count of the filtrate 
was found to be 1.88 X 10® per minute and that of the DFP added was 
1.97 X 10° per minute. Hence, less than 5 per cent of the DFP was taken 
up by the chymotrypsinogen, whereas chymotrypsin under the same con- 
ditions would have reacted with approximately 70 per cent of the DFP. 


Therefore there is very little, if any, reaction between chymotrypsinogen 
and DFP. 











204 INHIBITION OF CHYMOTRYPSIN. I 


SUMMARY 


By the use of radioactive DFP it was found that the phosphorus of DFP 
was introduced into crystalline chymotrypsin by the inhibition reaction of 
DFP on chymotrypsin. The amount of phosphorus introduced was 1.1 
moles per mole of enzyme. This amount of phosphorus corresponds to 
the amount of DFP previously found necessary to inhibit chymotrypsin 
completely. Chymotrypsinogen under the same conditions did not react 
with DFP. Hence the conversion of the zymogen to the active enzyme 
liberates not only the groups responsible for activity but also those with 
which DFP reacts, the two possibly being the same. 

It is suggested that the mode of action of DFP may well differ from other 
phosphate ester inhibitors. 


We are indebted to Dr. Bernard J. Jandorf of the Medical Division, 
Army Chemical Center, Edgewood, Maryland, for supplying us with the 
radioactive DFP used in this work and to Dr. Bernard Axelrod of the En- 
zyme Research Division, for making the counts of radioactivity. 
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CALCIFICATION OF TEETH 


III. X-RAY DIFFRACTION PATTERNS IN RELATION TO CHANGES IN 
COMPOSITION* 


By ALBERT E. SOBEL, ALBERT HANOK, HOWARD A. KIRSHNER, anv 
I. FANKUCHEN 


(From the Department of Biochemistry and the Pediatric Research Laboratory, The 
Jewish Hospital of Brooklyn, and the Department of Chemistry and the Division 
of Applied Physics, the Polytechnic Institute of Brooklyn, New York) 


PLATES 1 AND 2 
(Received for publication, December 18, 1948) 


The purpose of the present investigation was to study the x-ray diffrac- 
tion patterns of teeth in relation to changes in composition induced by diet. 

Previous studies showed that the composition of the upper incisors of 
the albino rat can be influenced by the Ca:P ratio of the diet (1). Ina 
typical experiment the mean values of the PO,:2CO; ratios for enamel 
(used as an index of n in the apatite formula [Ca3(PO,)2] ,[CaCOs]) varied 
from 3.71 on the high Ca:P diet to 7.72 for the low Ca:P diet, and for the 
corresponding dentins the mean values of these ratios varied from 5.47 
to 9.31. There was no significant influence of the diet on the Ca:PO, 
ratios of the teeth. The residual Ca:PO, ratios of the enamel were higher 
and those of the dentin lower than the theoretical 1.50 in the apatite 
formula [Ca3(PO4)2]n{CaCOg]. 

In the present study, the compositions of the enamels and dentins 
obtained (Table I) are in essential agreement with results obtained previ- 
ously; namely, for rats fed the high phosphorus-low calcium diet (Diet C), 
the PO,:2CO; ratios of both enamel and dentin are higher than the corre- 
sponding ratios for rats fed the low phosphate-high calcium diet (Diet B) 
(1). The Ca:PO, ratios of all enamels are higher than for the corre- 
sponding dentins. 

For purposes of comparison, enamel and dentin of young rats (of the 
same age as the experimental animals), raised on our stock diet (2), were 
analyzed (Table I). The mean value of the Ca:PO, ratio of the enamel 
in Experiment 1 is 1.47 and in Experiment 2, 1.53. This is distinctly 
lower than any ratio we observed for the enamel of rats on the experimental 
diets, both in the present study and in the previous investigation in which 
the relation of the composition of blood, teeth, and diet was established 

* Supported in part by a grant from Endo Products, Inc., Richmond Hill, New 


York, and the Williams-Waterman Fund for the Combat of Dietary Diseases, Re- 
search Corporation, New York. 
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(1). The Ca:PO, ratio for dentin is 1.20 for Experiment 1 and 1.21 for 






































Experiment 2. These are also lower than the values obtained for the dentin of 

of animals on the experimental diets (1). - 

Results show that prior to ignition the predominant x-ray diffraction sit 

pattern is that of apatite in all cases, the lines being more distinct in the eq 

enamel than in the dentin (Table I; Figs. 1 and 2). This distinctnegs of be 

lines has been observed previously and is due to the lower percentage of Ad 

organic matter in the enamel (1, 3-8). The fact that the predominant the 

me 
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X-Ray Diffraction Patterns of Teeth of Various Compositions pre 

Serum X-ray patterns too 
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| PO«: COs | Ca: PO. | ew | After ignition diff 

|molar ratio\meler ratio molar ratio|molar ratio | =i 

B | 0.019 | 6.91 | Enamel | 4.01 | 1.70 | Apatite | Apatite = 

| Dentin | 4.55 | 1.35 © | B-Cas(PO)s 7” 

Cc | 0.093 | 0.615| Enamel | 5.40 | 1.67 « | Apatite diet 

| Dentin 7.50 1.39 es | B-Cas(PO,): acct 

Stock. Ex-| 0.112 | 1.10 | Enamel | 5.21 | 1.47 ~ oe vali 

peri- | | Dentin | 6.15 | 1.20 | “ | ‘ ee 
ment l | | 

Experi- | 0.121 1.09 | Enamel 8.34 1.53 | “ | 7 was 

ment 2 | | Dentin | 12.01 | 1.21 | “ | Whe 

par henanal olan ahaa ac anaes sai sien aaseneel aren that 

Composition of Diets 0g 

a: i Ses: a ee * ee eee ee re Te eri 5 | Bras 

Diet Calcium | Phosphorus Ca:P glyc 

per cent | per cent | molar ratio | Afte 

B 1.20 | 0.208 | 4.60 | wash 

Cc 0.028 | 0.841 0.02 | of] 

Stock. Experiment 1 0.369 | 0.398 | 0.72 Cay( 

as a 0.282 | 0.380 | 0.58 4p 
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pattern is that of apatite, in spite of wide variations of composition, can be | the ; 

interpreted to mean either that the crystalline form is the same regardless | hydp 

of composition or that x-ray powder diagrams cannot reveal fine differ- |  ignit 

ences in crystalline structure. The persistence of apatite as the main solid | cow, 


structure of teeth has been shown before (9,10). This was true even whel | tio 
considerable changes in composition took place under the influence of sodium | wag, 
fluoride (11). The situation seems to be analogous to that of bone (12) | of 1, 
in which, in spite of wide variations in composition, all x-ray evidence ® | appe 
date (9, 10) indicates that bone salts are present in an apatite structure. | ‘4 
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There are a number of factors that may account for the predominance 
of the apatite structure in spite of wide variations in composition. Apatite 
may be considered a continuous series of solid solutions in which the compo- 
sition of the solid reflects the composition of the liquid with which it is in 
equilibrium (9). Ionic exchange between the liquid and solid phase has 
been indicated (13) and may be a cause of further changes in composition. 
Adsorption is an added factor that must be considered in accounting for 
the variation in the composition of tooth salts (3, 14, 15). The experi- 
ments of Logan and Taylor (16) with inorganic models indicate that the 
calcium carbonate portion of the tooth may be adsorbed or at least be 
present in higher concentrations on the surface than in the interior of the 
tooth. Walden and Cohen (17) have shown that the constituents adsorbed 
on the surfaces of crystals cannot be detected by means of x-ray powder 
diffraction. 

After ignition, the dentin of all groups and the enamel of the group on 
the stock diet showed 6-Ca3(PQOx,)2, while the enamel of animals on both the 
low calcium-high phosphorus diet and the high calcium-low phosphorus 
diet continued to give apatite patterns (Table I; Figs. 1 and 2). The 
occurrence of 8-Cas(POx)2 on ignition appears to be a function of the Ca: PO, 
ratios. Hodge and coworkers (18), working with calcium phosphate pre- 
cipitates of varying composition, showed that when the Ca:PQ, ratio! 
was less than 1.50 the pattern on ignition was always, that of B-Ca,(PQ,)s. 
When the ratio was between 1.50 and 1.59, the pattern was predominantly 
that of B-Ca3(POx)2, and when above 1.59, the ignited specimen continued 
to give apatite patterns. If one reexamines the data of Dallemagne and 
Brasseur (19), it is seen that bone, which after treatment with KOH in 
glycerol had a Ca: PO, ratio of 1.73,! on ignition gave an apatite pattern. 
After treatment with hydrochloric acid (which removed the carbonate) and 
washing with water, the residue of the original bone had a Ca:PQ, ratio 
of 1.50 and on ignition gave a B-Ca3(PQ,)2 pattern. Similarly pure 
Ca;(PO,4)2, which they prepared with an actual ratio equal to the theoreti- 
cal of 1.50, gave B-Ca3(POx,)2 on ignition. When this substance was hy- 
drolyzed with alkali, the resulting compound had a ratio of 1.67 and gave 
the apatite pattern on ignition. When this precipitate was treated with 
hydrochloric acid so that the residue once more had a ratio of 1.50, and then 
ignited, the 6-Ca3(PO,)2 pattern was again obtained. Hirschman and his 
coworkers (20) showed that when commercial apatite with a Ca:PQ, 
ratio of 1.67 was ignited the apatite pattern was obtained. When this 
was mixed with CaHPO, so that the resulting mixture had a Ca: PO, ratio 
of 1.51 and then ignited, the 6-Cas(PO,)2 pattern predominated. Thus it 
appears that the Ca: PO, ratio of such compounds is the predominant factor 


‘Weight ratios given by the authors are converted to molar ratios. 














208 CALCIFICATION OF TEETH. III 


that decides whether on ignition one obtains a B-Ca3(PO,)2 or an apatite 
pattern. The pattern of the ignited product may therefore be used ag an 
indirect index of the Ca: PO, ratio. 

In connection with the analyses obtained for the rats on the stock die 
of Bills et al. (2), it may be worth referring to the discussion in our earlier 
paper (1), where it was postulated that, while the PO: COs ratio of the 
blood serum will have an influence on the composition of the tooth on « 
given diet, the components of the diet, other than calcium and phosphorus, 
are likely to influence the type of relationship that will be found between 
blood and teeth. On comparing all results in Table I it is seen that al. 
though in Experiment 1, on the stock diet, there is a slight deviation, the 
PO,:2CO; ratios of enamel and dentin change in the same direction as do 
serum PQO,:CO; ratios. 

Both enamel and dentin of the group on the stock diet have distinctly 
lower Ca: PO, ratios than those obtained for the corresponding enamel and 
dentin in any of the experimental groups (Table 1) (1). These differences 
cannot be due to the Ca:P ratio of the stock diet, since this ratio was 
covered by the range of ratios in the experimental Diets B, C, and D (1). 
They might be due to other differences between the experimental and the 
stock diets. The main ingredients of the Bills stock diet (dried milk, 
crude casein, whole yellow corn, alfalfa, and cottonseed meal) are different 
from those of the experimental diets (degerminated yellow corn-meal, 
wheat gluten, and brewers’ yeast) (1, 2). Thus differences in Ca:P0, 
ratios for the enamel and dentin of the rats on the stock diet and those on 
the experimental diets (Table I) may be accounted for by differences 
between the composition of the stock diet and experimental diets other 
than calcium and phosphorus. 


The difference in the PO,4:2CO; ratios of the enamel and dentin of the | 


two groups on the stock diet raises a similar question. In the experimental 


diets the same batch of ingredients was used throughout a given experi | 
ment. Only the calcium and phosphate content was changed by the | 


addition of salts. For the stock diet, however, different batches of the 
ingredients were used in the two experiments carried out 6 months apart. 
Each one of the main ingredients can undergo variation from batch to 
batch and the composition of two stock diets may therefore be different. 

It must be added that the possibility that seasonal variations calse 
changes in the composition of teeth cannot be excluded. Blincoe ¢ al 
(21) have shown that the calcium and inorganic phosphorus of serum are 
influenced by environmental temperature. 

A systematic study of the influence of not only the Ca:P ratios of the 
diet but also that of other components (vitamins, proteins, fats, carbo 
hydrates, and trace minerals) may throw further light on the subject 
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EXPERIMENTAL 

Young rats, of an original Wistar strain, 21 to 23 days of age, kept on 
the Bills stock diet (2), were weaned and placed on one of the experimental 
diets. Diets B and C were essentially the same as that described before 
(1) except that the basal diet (used in making up the experimental diets) 
had 0.20 per cent phosphorus compared to 0.118 per cent in the previous 
basal diet (1). The stock group was fed the Bills diet (2). The calcium 
and phosphorus content of the diets is given in Table I. 

Forty-eight animals were placed on Diet B, forty-nine on Diet C, and a 
total of 58 on the stock diet (twenty-two in Experiment 1, and, 6 months 
later, thirty-six in Experiment 2). The animals were sacrificed at the end 
of 45 days and the blood and teeth from the rats in each group were pooled, 
sampled, and analyzed as previously described (1). Mean values for 
duplicate analyses of replicate samples are reported in Table I. 

Powder diffraction patterns were made on both ignited and unignited 
specimens, ground to pass a 250 mesh sieve, by means of a 57.38 mm. 
Debye-Scherrer camera (22). The samples were mounted in thin walled 
capillaries and nickel-filtered copper radiation was used. Exposures were 


of 3 hours duration. Ignition was conducted in platinum crucibles for 
2% hours at 900°. 


SUMMARY 


1. X-ray powder diffraction patterns of enamel and dentin of widely 
varying composition gave apatite as the dominant pattern. The teeth 
used were the upper incisors of albino rats of the Wistar strain. 

2. After ignition at 900°, the predominant pattern was apatite when the 
Ca:PO, ratio was more than 1.60 and was B-Ca;(PO,)2 when the ratio was 
1.58 or less. These findings are in harmony with those obtained by other 
investigators using inorganic calcium phosphate. 

3. The pattern obtained after ignition at 900° appears to be an index of 
the Ca: PO, ratio. 

4. It was again possible to show a relationship between PO,:2CO; 
ratios of enamel and dentin and PO,4:CO; ratios of serum. 

5. The differences in Ca: PO, ratios of the enamel and dentin obtained 
from animals on experimental diets and the animals on the stock diet 
suggest the importance of examining the influence of not only the Ca:P 
ratios of the diets but also that of the other components (vitamins, proteins, 
fats, carbohydrates, and trace minerals). 
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EXPLANATION OF PLATES 
PuaTE 1 | 


Fie. 1. X-ray diffraction patterns of teeth from rats on Diets B and C. 4, | 
Diet B; C, Diet C; D, dentin; Z, enamel; J, ignited at 900°. | 


| 
: 
PLATE 2 } 
Fic. 2. X-ray diffraction patterns of teeth from rats on stock diet. R, rat; J, 
enamel; D, dentin; J, ignited at 900°. 
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URINARY PHENOLS 


IV. THE SIMULTANEOUS DETERMINATION OF PHENOL AND 
p-CRESOL IN URINE* 


By E. G. SCHMIDT 


(From the Department of Biological Chemistry, University of Maryland, 
School of Medicine, Baltimore) 


(Received for publication, December 27, 1948) 


Phenol and p-cresol constitute the volatile urinary phenols. The rela- 
tive amount of each compound, however, is not definitely known, since 
the reported values are based on unreliable or non-specific methods (1-3). 
The inadequacy of these methods has been discussed recently by War- 
showsky and Schantz (4). These workers determine phenol and m-cresol 
in bacteriological materials by a counter-current distribution technique. 
The present paper describes a simple, differential, colorimetric method for 
the simultaneous determination of phenol and p-cresol in urine. It con- 
sists in the determination of the total phenolic value both as phenol and as 
p-cresol by two different colorimetric procedures. Simultaneous equa- 
tions arising from these determinations are readily solved because the ratios 
of the values for phenol to p-cresol given by each procedure differ consider- 
ably. These ratios were obtained by the analysis of aqueous solutions of 
phenol and p-cresol of known concentrations. A study of absorption spee- 
tra of chromogens produced by phenol and p-cresol with various reagents, 
including studies reported in the literature (4-5), indicated that the method 
of determining components of a binary mixture by measurements at two 
appropriately chosen wave-lengths was not feasible. 


EXPERIMENTAL 


Analysis of Phenol-p-Cresol Mixtures Prepared from Known Solutions— 
After considerable preliminary experimentation, procedures utilizing the 
Folin-Ciocalteu reagent (6) and diazotized sulfanilic acid (7) were adopted. 
Aqueous solutions, and also urines, containing varying amounts of purified 
phenol and p-cresol were analyzed with these reagents according to the 
distillation procedure of Volterra (8) and the ether extraction method of 
Schmidt (9). In the distillation method measured amounts of the phenol 
and p-cresol solutions were mixed and diluted with water to 200 ml. The 
pH was adjusted to 1 with sulfuric acid. The solution was refluxed for 30 
minutes in an all-glass apparatus and then distilled. Six 100 ml. fractions 
of distillate were collected. Water was added during the distillation. 


* Aided by a grant from the Bressler Alumni Research Fund. 
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About 80 per cent of the phenols came over in the first two fractions. | 


ml. of the Folin-Ciocalteu reagent (diluted 1:1 with water) and 2 ml. of th 
20 per cent sodium carbonate were added to 10 ml. of pooled distillate. 
A blank was also prepared. The tubes were placed in boiling water Ci 
for exactly 1 minute and then immediately cooled (8). The blue solu- “% 
tions were read in a Klett-Summerson photoelectric colorimeter which . in 
contained the red light filter No. 66 (640 to 700 mz). The instrument was - 
first adjusted to zero with the blank. : 

In the second colorimetric procedure 5 ml. of alcohol and 3 ml. of freshly ie 

distilled ether were added to 2 ml. of pooled distillate, and also to 2 ml. of 
TABLE I 
Recovery of Phenol and p-Cresol Added to Water and to Urine 7 
The values are measured in mg. per 1000 ml. 

Compound added Compound recovered U 

Medium Distillation method Ether extraction method 

Phenol p-Cresol 
Phenol p-Cresol Phenol p-Cresol 
Water 5 100 5.9 102 5.1 104 

* = 3 60 3.5 58 3.2 57 

= . 10 200 10.8 214 11.8 207 

“ 25 25 22.0 28 20.0 27 

% 25 25 28.3 26 27.5 23 
Urin : 10 125 11.6 112 10.7 129 

via : 10 50 12.5 55 

ee ; 10 50 8.4 56 

: ‘ : oe P Mz 
water, followed by 1 ml. of a cold solution of diazotized sulfanilic acid and Mi 
1 ml. of 1 per cent sodium carbonate.! The yellow-orange solutions were Ay 
read in the photoelectric colorimeter which now contained a blue light filter | — 
No. 42 (460 to 465 my) against the blank set at zero. 

In the ether extraction method, a measured volume of the phenol-p- | of p. 
cresol hydrolysate was adjusted to pH 10 with sodium hydroxide and ex- | the : 
tracted with ether for 4 hours, as previously described (9). 3 ml. of the abov 
ether extract were shaken in a test-tube with 1 ml. of 0.1 N sodium hy- the y 
droxide and a trace of antibumping powder (prepared by pulverizing 4 ereso 
porcelain evaporating dish). The ether was evaporated by immersion of binar 

1 This reagent was prepared by adding 3 ml. of cold 5 per cent sodium nitrite to4 Sa 
ml. of a cold solution of sulfanilic acid (4.5 gm. of sulfanilic acid and 45 ml. of hy- and § 
drochloric acid per 500 ml. of solution). 5 minutes later an additional 3 ml. of the aboy 
sodium nitrite solution were added. After 15 minutes the solution was diluted to 0 : 
ml. with water and kept cold. The reagent was prepared fresh daily. The sodium with 


carbonate solutions were prepared from the recrystallized salt. with 


E. G. SCHMIDT 213 


the tube in hot water. Then 1.3 ml. of 0.1 N sulfuric acid and 7.7 ml. of 
water were added and the phenolic values determined with the Folin- 
Ciocalteu reagent as usual. A 3 ml. aliquot of the ether extract was also 
analyzed for phenol and for p-cresol with the sulfanilic acid reagent, as out- 
lined above. The values given by each method were obtained from stand- 
ard curves developed from appropriate solutions of phenol and p-cresol. 

The colors given by each reagent are stable and obey Beer’s law. It 
was found that 1 part of phenol has the chromogenic power of 1.66 parts 


TABLE II 
Analysis of Eleven 24 Hour Specimens of Normal Human Urine 
The values are measured in mg. per 24 hour specimen. 





Distillation method Ether extraction method 
Urine No. Sex a 
Phenol p-Cresol Phenol p-Cresol 
1 Male 9.1 90 10.8 87 
2 zs 10.0 81 12.7 78 
3 “'g 13.0 100 12.5 98 
4 * 11.6 82 11.8 80 
5 <5 9.6 80 12.5 71 
6 4 11.0 100 10.4 95 
7 ‘ 8.0 64 8.3 65 
8 te 9.7 — 108 9.1 117 
i) Female 8.9 71 9.2 75 
10 ai 7.8 83 8.3 81 
il os 10.0 100 9.7 103 
a ge ape a ae Sean 
Ee 13.0 108 12.7 117 
os Sis area ok 7.8 64 8.3 65 
NE oar beso a a xea ola teieta 9.88 


87.2 


10.48 86.4 


of p-cresol with the Folin-Ciocalteu reagent and 12 parts of p-cresol with 
the sulfanilic acid reagent under the experimental conditions described 
above. These ratios remain constant regardless of the concentration of 
the phenolic bodies. The intensities of the colors given by phenol and p- 
cresol in both colorimetric procedures were found to be additive for all 
binary mixtures. 

Sample Calculation—A prepared mixture containing 10 mg. of phenol 
and 200 mg. of p-cresol per 1000 ml. was subjected to analysis as described 
above. The values obtained were 325 mg. as p-cresol or 27 mg. as phenol 
with the sulfanilic acid reagent and 213 mg. as p-cresol or 138 mg. as phenol 
with the Folin-Ciocalteu reagent per 1000 ml. Since the chromogenic 
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ratios of phenol to p-cresol are 1:12 and 1:1.66, respectively, the following 
equations arise: P 


12 phenol + p-cresol = 325 (sulfanilic acid reagent) 
Sn 2 ‘« = 213 (Folin-Ciocalteu reagent) 


Phenol = 10.8 (phenol added, 10.0) 
- ] 
Phenol + e “ie = 27 (sulfanilic acid reagent) 
- 1 
ee — = 138 (Folin-Ciocalteu reagent) 


p-Cresol = 214 (p-cresol added, 200) 


The data are given in Table I and indicate that satisfactory recovery of 
phenol and p-cresol added either to water or to urine can be accomplished 
by the procedures described. 

Analysis of Urines for Phenol and p-Cresol—24 hour urine specimens 
were collected from healthy individuals who were on an average mixed 
diet. 50 ml. of the urine were diluted to 200 ml., adjusted to pH 1 with 
sulfuric acid, and refluxed for 30 minutes. Distillation and analysis for 
phenols were performed as outlined above. In the ether extraction method, 
urine hydrolysis and extraction were conducted as previously described 
(9). Analyses of the ether extracts were effected as outlined above. The 
data are given in Table II. The average value found for phenol was 9.88 
mg. and for p-cresol 87.2 mg. by the distillation method, and 10.48 mg. and 
86.4 mg., respectively, by the ether extraction method for the eleven speci- 
mens. Hence values given by the two methods are in satisfactory agree- 
ment. The data indicate that p-cresol constitutes approximately 90 pel 
cent of the volatile urinary phenols. Difference in sex did not influence 
the values in the specimens analyzed. There is some evidence that a por- 
tion of the urinary p-cresol may be a product of sex hormone metabolism 
(3). The proportion of phenol to p-cresol in the various specimens re- 
mained relatively constant. 

Obviously the method is limited to those binary mixtures in which p- 
cresol predominates. This fact, however, makes it especially well adapted 
to urine analysis. The method can undoubtedly be extended to other com- 
plex media in which an analogous situation exists. The writer is indebted 
to Dr. G. 8S. Weiland and Dr. Marie Andersch for helpful suggestions. 


SUMMARY 


A simple, differential colorimetric method is described for the simul: 
taneous determination of phenol and p-cresol in urine. It was found that 
p-cresol constitutes about 90 per cent of the volatile urinary phenols. 
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STUDIES OF ARTERIOVENOUS DIFFERENCES IN BLOOD 
SUGAR* 


Il. EFFECT OF INSULIN ADMINISTERED INTRAVENOUSLY IN THE 
POSTABSORPTIVE STATE 


By MICHAEL SOMOGYI 
(From the Laboratory of the Jewish Hospital of St. Louis, St. Louis) 


(Received for publication, December 20, 1948) 


In experiments previously described (1) we have shown that in healthy 
persons hypoglycemia elicits an abrupt shrinkage in the difference between 
arterial and venous blood sugar levels (A-V difference), a change which 
indicates a sudden decrease in the rate of peripheral (extrahepatic) glu- 
cose assimilation. This observation was made when the subjects were 
ina state of ‘‘spontaneous” hypoglycemia, which appears with regularity 
asa sequel to the hyperglycemia following glucose feeding. It is gen- 
sally understood that in this process alimentary hyperglycemia stimu- 
lates the secretory activity of the islands of Langerhans, and the increased 
insulin supply not only checks hyperglycemia, but shoots beyond the 
goal and produces hypoglycemia.'! Since this hypoglycemia represents 
increased insulin action, and insulin action is known to increase A-V dif- 
ferences, it was rather unexpected when we found a contrary effect, z.e. a 
carp decrease in A-V differences, as soon as a hypoglycemic state? set in. 

We interpreted this phenomenon as the function of insulin-antagonistic 
endocrine organs which are excited by hypoglycemia to increased activ- 
iy. The insulin-antagonistic (diabetogenic) effect of endocrine factors, 
ike anterior pituitary extracts (APE), adrenalin, and cortical hormones, 


*This work was aided by the David May-Florence G. May Fund. 

'Soskin and Allweiss rejected this concept on the basis of their observation that 
he hypoglycemic sequel to alimentary hyperglycemia can occur under conditions 
thich preclude any increase in the insulin supply (2). They apparently failed to 
lake into consideration the lack of any stoichiometric relationship between insulin 
upply and insulin action; in particular, they disregarded the fact that the action 
fone and the same amount of insulin increases with increasing glucose concentra- 
tons. (This disparity between insulin supply and insulin action is the subject of 
the last section of the present paper.) 

*Let us reiterate here that we use the term hypoglycemia in its physiological 


leaning, in contradistinetion to the conventional (especially clinical) usage in which 


‘ypoglycemia means a condition associated with certain alarm reactions, condi- 
ons that are precipitated only by intensive hypoglycemic states. In our termi- 
logy hypoglycemia denotes any, even the slightest, decline of the arterial blood 
‘ugar below its normal postabsorptive level, since the physiological reactions with 
rhich we are concerned are precipitated by changes as small as 1 to 3 mg. per cent (1). 
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is customarily attributed to their action on the liver, and on the liver 
alone, the consensus being that they raise the glycemic level by increas. 
ing the rate of hepatic glycogenolysis. The question may be raised. 
therefore, whether the insulin-antagonistic effects which we measured jn 
the peripheral tissues can be reasonably attributed to the same known dia- 
betogenic factors. A number of older studies furnish an affirmative answer. 
Marks (3), for instance, has shown, 16 years ago, that, while glycogen 
formation in muscle tissues is augmented by insulin injection, this response 
is prevented by the simultaneous injection of APE. Bennett and Roberts 
(4) showed, in experiments on eviscerated animals, that the hypoglycemic 
effect of injected insulin is considerably inhibited by simultaneously ad- 
ministered APE. Both of these experiments demonstrated, at different 
phases of the process, the same fact as our determination of A-V differ- 
ences, namely an inhibition of peripheral insulin action by APE factors. 
This was the basis of our assumption that inhibition of peripheral glucose 
assimilation under the impact of hypoglycemia (as reflected in our studies 
in decreased A-V differences) is engineered by insulin-antagonistic factors 
(par excellence by the pituitary-adrenal mechanism) which are stimulated 
by hypoglycemia. Bouckaert and de Duve (5) also made the assumption 
that hypoglycemia antagonizes insulin action by stimulating the ‘‘ortho- 
sympathic system, adrenalin, cortin, anterior pituitary hormones, etc.” 
This concept gained direct support by a recent observation of Gershberg 
and Long (6), who found that insulin hypoglycemia entails a sharp de- 
crease in the ascorbic acid content of the adrenal glands, a characteristic 
result of an increased supply of ACTH (adrenocorticotropic hormone of 
the pituitary). The ACTH, however, is by no means the sole factor in 
the defense mechanism against hypoglycemia. That the hypophysis 
supplies potent insulin-antagonistic factors besides the ACTH is suffici- 
ently proved by the fact that the glycogen content of the liver during in- 
sulin hypoglycemia is rapidly depleted even in adrenalectomized animals 
(7). Insulin-antagonistic action under these conditions is undoubtedly 
tied up with pituitary activity. 

Identification of the insulin-antagonistic factors is of great interest, 
but is outside the scope of the present report; our emphasis is on the fact 
which we have demonstrated, namely that hypoglycemia activates a de- 
fense mechanism which inhibits insulin action in the peripheral tissues. 
This self-limiting (one is inclined to call it suicidal) sequel to insulin action 
is not only of theoretical interest, but has an important bearing on clinical 
insulin therapy. In an earlier communication (8) we attempted to call 
attention to this practical aspect of the problem.* In the present pape? 


? On the basis of extensive observations, we pointed out in that paper the “dia. 
betogenic effect” of hypoglycemia as follows: ““Hypoglycemias, caused by ove 
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we report the results of further experiments which are to answer the ques- 
tion as to whether or not hypoglycemia, produced by the intravenous 
injection of insulin, mobilizes insulin-antagonistic factors, as does spon- 
taneous hypoglycemia. 


EXPERIMENTAL 


The subjects in these experiments were, unless otherwise stated, young 
persons, hospital interns and laboratory workers between 20 and 40 years 
of age, without any known impairment of their health. With few excep- 
tions they were subjected to glucose tolerance tests in order to ascertain 
that their carbohydrate metabolism was normal. 

The determination of arteriovenous (A-V) differences, as a means of 
measuring changes in the rate of peripheral glucose assimilation, was car- 
ried out with the precautions and accuracy previously described (9). 
Numerous publications dealing with the subject amply justify the empha- 
sis we place on the accuracy of analytical procedures. A few workers, as 
for instance Cori and Cori (10) and Himsworth (11), fully aware of this 
requirement, obtained results which furnished clear cut, valuable informa- 
tion. These investigators used the original Hagedorn-Jensen method 
with adequate craftsmanship and both found that insulin action increases 
A-V differences. They found, furthermore, always higher sugar concen- 
trations in arterial than in venous blood. 

The majority of subsequent workers seems to have been unaware of the 
importance of analytical craftsmanship and, undoubtedly on this account, 
reported findings in which the glycemic levels were often higher in the ve- 
nous than in the arterial blood (12, 13). Completely oblivious of the con- 
flict between their results and those of the authors just mentioned, these 
workers, as for example Griffiths (13), attempted to explain their negative 
(inverted) A-V differences with highly speculative, mostly arbitrary 
theories. 

Insulin was administered intravenously, in the postabsorptive state. 
We used rather small doses, from 3 to 6 units, in order to avoid, as far as 
possible, the stress of protracted hypoglycemic reactions. Such stress 
must be held to a minimum, because its effects overshadow finer details 
and blot out individual differences in the response of the subjects. In this 
respect we were greatly influenced by Himsworth’s procedure, who, by vir- 
tue of using as small doses of insulin as 2.5 to 5 units, produced much val- 
uable information concerning the relationship between dietary factors and 





doses of insulin, entail in the diabetic patient excessive degrees of hyperglycemia 
and glycosuria. Recurrence of this sequel over considerable periods of time pro- 
gressively increases the instability of the patient and aggravates the disease.” 
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insulin action, information that would have been completely obscured by 
larger insulin doses. : 

Like in Himsworth’s studies, the amount of insulin injected was inde- 
pendent of the body weight, although our several subjects varied between 
60 and_75 kilos, and one of them weighed 91 kilos. Close adjustment of 
the insulin dose to body weight, a widely followed precept, implies accept- 
ance of the still surviving misconception that some sort of stoichiometric 
relationship exists between insulin supply and the amount of glucose 
“utilized” or “burned.” Much factual evidence, inclusive of our own ob- 
servations to be described later on, proves this “unitarian’’ concept as 
completely untenable. There are factors other than the insulin supply 
itself which greatly affect insulin action. These factors vary from one 
person to another, and thus it is understandable that healthy individuals 
of the same body weight show great differences in their response to iden- 
tical doses of insulin. These differences show up, however, only when 
the insulin dose is small, for large doses, steam roller-like, simply override 
existing individual differences. 


Extrahepatic Responses to Hypoglycemia 


Six subjects were injected intravenously with 5 units of insulin in the 
morning, 10 to 14 hours after their last meal, and changes in their arterial 
(capillary) and venous blood sugar levels were determined at 30 minute 
intervals. The results are recorded in Table I. The response to insulin 
action, as may be seen, varied considerably from individual to individual, 
in respect to both the degree of hypoglycemia and the changes in A-V dif- 
ference. The same individual, however, as demonstrated in Subject 4, 
showed the same individual characteristics in his response to repeated 
tests with the same dose. The lowest hypoglycemic level, 27 mg. per cent, 
was produced in Subject 3, while in Subject 6 (who weighed 1 kilo less 
than Subject 3) the fall of the blood sugar stopped at 56 mg. per cent. 
Notable variations were found in the effect of insulin on the A-V difference. 
In this respect Subjects 1 and 4, on the one extreme, and Subjects 3 and 5, 
on the other, represent two different types. The first type showed no 
significant changes, no increase in the A-V difference, whereas in the see- 
ond type the A-V difference increased appreciably 30 minutes after the 
injection of insulin. Subject 6 took an intermediate place. Finally, 
Subject 2 who showed a measurable contraction of the A-V difference 
after 30 minutes, but then a delayed but significant expansion 90 minutes 
after injection, fell in still another category. 

Such diversity in individual responses to insulin is entirely incompre- 
hensible on the basis of the oversimplified “unitarian’”’ concept, but cal 
be readily explained if insulin action is evaluated as the resultant of a con- 
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tinuous dynamic interplay between two opposing forces, namely insulin 
on the one side and its antagonists on the other. With this approach we 
interpret our findings as follows: The onset of insulin-hypoglycemia, 
which follows directly after intravenous injection, immediately induces 
the mobilization of the antagonistic factors, the forces of defense against 
hypoglycemia. ‘This response is inevitably subject to individual varia- 
tions. In the first place, one must think of quantitative differences, taking 
it for granted that one individual can produce greater supplies of insulin- 


TABLE I 


Changes in Total and Extrahepatic Glucose Assimilation after Intravenous Injection 
of 5 Units of Insulin 


The blood sugar (B. S.) and arteriovenous differences (A-V) are expressed as 
mg. per 100 cc. of blood. The arterial blood sugar was determined in capillary 
(finger) blood. 





Time after injection of insulin 





_ | Origin of blood Fasting 






































} 


Venous | 90.7 | 4.3 | 56.2| 9.5 | 83.7| 7.3) 85.9| 6.7) 86.4| 5.1 


0.5 hr. 1 hr. 1.5 hrs. 2 hrs. 

| B.S. | A-V | B.S. | A-V | B.S. | AV | B.S. | A-V | B.S. | A-V 
vai seb React 

1 | Arterial | 96.7 44.8 | 80.5 | | 84.5 | 90.5 | 
Venous | 93.2| 3.5 | 41.3] 3.5 | 75.6 | 4.9/| 80.8/| 3.7 | 85.1/ 5.4 

2 | Arterial | 81.5 | 49.7 | 73.7 | | 87.5 83.7 | 
Venous 74.5 | 7.0 | 46.2 3.5 | 69.7 | 4.0 | 75.1 | 12.4 | 82.4 | 1.3 

3 | Arterial | 91.8 50.4 | 80.5 | 81.0 81.3 
Venous 90.5 | 1.3 | 37.3 | 18.1 | 72.6 | 7.9 | 77.0} 4.0 | 79.9} 1.4 

4 | Arterial | 89.6 | 55.4 89.6} | 91.2| 90.7 | 
Venous | 87.8| 1.8| 50.8) 4.6 | 88.2/ 1.4| 89.4] 1.8| 88.6| 2.1 

4a | Arterial | 88.3 | 62.4 | 84.0 | | 86.4 | | 86.4 | 
Venous | 84.3 | 4.0 | 59.7 2.7 | 79.4 | 4.6 | 84.0] 2.4 | 85.1 | 1.3 

5 | Arterial | 96.4 | 50.0 | 85.3 | 94.8 | | 95.6 

| Venous / 92.1 | 4.3 | 89.7 | 10.3 | 79.9 | 5.4/ 91.8) 3.5 | 94.2] 1.4 

6 | Arterial | 95.0 65.7 91.0 | 92.6 | | 91.5 | 





atagonistic hormones than another. Secondly, there are differences in 
the chronology of the response to excitation in the endocrine organs: in 
one case the reaction will be prompt and resilient; in another instance it 
vil be more or less sluggish and, in consequence, some lag will appear be- 
ween stimulus and response. 

Our findings clearly reflect such individual differences. In Subjects 
land 4, for instance, insulin failed to exert any measurable effect on the 
beripheral rate of assimilation, and the A-V difference remained practically 
changed. This fact indicates the prompt response of the defense mech- 
usm: the antagonistic factors appeared rapidly, and in a quantity that 
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sufficed to put a brake on peripheral insulin action. In Subjects 3 and 5, 
on the other hand, the increased A-V difference at the first 30 minute in- 
terval showed that insulin action still was predominant over the antago- 
nists and was effectively suppressed only with some delay. Still another 
variety of response was shown in Subject 2. In this instance the insulin- 
antagonistic mechanism reacted to hypoglycemia very efficiently, both 
in regard to the quantitative and chronologic aspects of the response; 
this is reflected in the fact that, despite the presence of insulin, the A-V 
difference not only failed to increase, but actually decreased. The resili- 
ency of the process again manifested itself in the ensuing interval, when 
the blood sugar returned to (in fact had risen slightly above) the fasting 
level. At this stage, 90 minutes after the injection of insulin, the antago- 
nistic mechanism promptly relaxed its activity and, in consequence, insulin 
was enabled to exert its peripheral action, as indicated by a substantial in- 
crease in the A-V difference. This contest, tug of forces, between insulin 
and its inhibitors explains why Cori and Cori (10) found, after the injection 
of insulin in fasted rabbits, considerable A-V differences over a period of 
2 hours: Their rabbits were injected with nearly 5 units of insulin per kilo, 
more than 50 times our dose, so that the defense mechanism was unable to 
cope with the overwhelming action of the insulin, and in consequence pe- 
ripheral insulin action prevailed and came to expression in greatly increased 
A-V differences. 

The foregoing experiments, we realized, had distinct shortcomings. Al- 
though exploratory tests indicated that the lowest glycemic levels in healthy 
persons usually occur between 20 and 40 minutes after the injection of 
small doses of insulin, we probably missed this point in some of our six 
subjects. Likewise, we may have missed an increase in the A-V difference 
that may have taken place earlier than 30 minutes after the injection of 
insulin. The experiments would have undoubtedly been more informative 
if blood samples could have been drawn every 5 or 10 minutes; but this 
could have been accomplished only by using a micromethod for the analy- 
sis of capillary blood, inevitably at the expense of accuracy. As a compro- 


mise, in a second group of experiments we shortened the time intervals to | 


20 minutes. This second series differed from the first in two other respects. 
One difference was that we lowered the insulin dose to 3 units, with the 
expectation that individual variations might come to the fore even more 
clearly than with 5 units. Secondly, we performed on each of these sub- 
jects a second test, injecting 6 units of insulin, an increase of 100 per cet! 
over the first dose. In this manner the difference between the action 0 
two vastly different quantities of insulin could be observed, with the e 
clusion of the individual variations. 

The results of such tests on five subjects are presented in Table Il 
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To facilitate comparison between the effects of 3 units and 6 units of insulin, 
only the venous blood sugar values are recorded, together with the A-V 
differences. (The arterial glycemic levels can be readily reconstructed from 
the two values.) These data supply definite information to the questions 
we have posed. In the first place, it is evident that 3 units of insulin did 
show up such individual differences which were obscured when a larger dose, 
like 5 or 6 units, was injected. Thus it may be noted that, after injection 
of 3 units, Subjects 10 and 11 were considerably less sensitive to insulin 
than the other three members of the group, a difference which was scarcely 
in evidence after the injection of 6 units. Another difference between 


TABLE II 
Paradoxical Effect of Increase in Insulin Dose upon Rate of Extrahepatic Glucose 
Assimilation 


The venous blood sugar (B.S.) and arteriovenous differences (A-V) are expressed 
as mg. per 100 cc. of blood. 





























Time interval after injection of insulin 
: “Ot - - — — ; ————— |Peripheral 
a ‘tose | ; reas | 20 min. 40 min. a min. 120 min. “simile 
B.S. | A-V | B.S. | A-V | B.S. | A-V | B.S. | A-V | B.S. | A-V | 
units | | 
10 3 | 84.8 | 4.8 | 76.7 | 7.5 | 81.0 | 5.1 | 83.4 | 2.5 | 83.4 | 3.8 23.7 
6 | 87.5 | 2.1 | 46.7 |11.4 | 39.7 | 5.4] 70.5 | 0.8 | 89.9| 5.4] 25.1 
ll | 3 | 84.8) 7.0 | 63.2 | 3.8 | 73.7 | 7.0 | 82.9 | 5.4 | 82.4) 6.2| 29.4 
6 | 82.9 1.6 | 52.1 | 1.9 | 46.2 | 3.2 | 73.7 | 6.0 | 83.7 | 3.9 16.6 
12 3 | 95.6 | 3.0 | 40.8 13.2 | 50.2 16.8 85.3 | 4.3 | 87.7 | 4.4| 41.7 
6 | 96.1 | 2.7 | 35.1 | 8.1 | 47.0 | 4.3 | 78.8 | 7.6 | 94.8 | 4.3 27.0 
13 3 | 92.1 | 5.1 | 27.0 |14.1 53.2 | 3.2 | 58.8 19.0 86.8 10.4 | 51.8 
6 | 90.7 | 7.9 | 22.4 | 9.5 | 48.1 7.3 | 54.3 | 5.9 83.2 | 1.9| 32.5 
14 3 | 92.3 7.6 | 31.6 | 5.9 | 75.1 | 2.1 | 79.7 |10.8 90.7 | 4.3 | 30.7 
6 87.8 4.0 | 25.1 | 2.6 | 55.6 3.0 | 62.6 3.5 | 92.3 6.3 | 29.4 








individuals was the irregularity in the relationship between insulin dose 
and body weight. The blood sugar of Subject 10, for instance, who weighed 
65 kilos, dropped only to 76.7 mg. per cent, while in Subject 11, who 
weighted 91 kilos, a greater decline was effected. Or compare Subjects 
10 and 13, both of whom weighed about 65 kilos; yet in response to 3 
units of insulin the lowest hypoglycemic levels were 63 and 27 mg. per cent, 
respectively. As a matter of fact, 3 units produced deeper hypoglycemias 
in Subjects 12, 13, and 14 than did 6 units in Subjects 10 and 11. 

The second question in these tests concerns the differences between the 
action of a smaller and a larger dose of insulin in the same individual. 
The data in Table II answer this question with the paradoxical fact that 6 
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units of insulin effected less increase in the peripheral glucose assimilation 
than 3 units. The difference between the effects of the two doses in some 
instances is obvious at a glance, if one compares the A-V differences. Thus 
in Subject 12 the maximum A-V difference after 3 units of insulin was 16.8 
mg. per cent while after 6 units it was only 8.1 mg. per cent, and in Subject 
13, for 3 units it was 19 mg. per cent, while for 6 units only 9.5 mg. per cent, 
Since, however, the A-V differences fluctuate as a result of the contest be- 
tween insulin and its antagonists, the picture is not always quite so clear, 
A more adequate evaluation of peripheral insulin effects is possible by tising 
as a basis of comparison the sum of the A-V differences that occurred at 
the several intervals after insulin injection. We designated this sum as the 


42 


qT 
~ 
o 


A-V difference, mg. per 100 ee. 
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Fig. 1. Showing the paradoxical fact that in healthy man injection of 6 units of 
insulin promotes peripheral glucose assimilation to a lesser extent than 3 units. 


“peripheral assimilation index,’”’ and included it in Table II. The assim- 
ilation index, as may be noted, was in three instances significantly lower 


after 6 units than after 3 units of insulin, while in two subjects it remained | 


virtually unchanged after doubling the dose. 

To illustrate better the effects of the two doses of insulin, we present 
in Fig. 1 the composite A-V difference curves of Subjects 12, 13, and 14, 
and in Fig. 2 the corresponding venous blood sugar curves. The results 


for the insulin-“resistant’”’ Subjects 10 and 11 are so different that they | 


had to be set apart. These results cannot be understood without resorting 
to the concept that the changes in the glycemic levels are resul tants of al 
interplay between insulin action and its antagonists. In Fig. 2 it may be 
noted that with 6 units of insulin hypoglycemia developed somewhat mor 
precipitously and proceeded to a little lower level than after 3 units. The 
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greater stress then exerted a greater stimulus on the defense mechanism, 
mobilized a larger supply of inhibitors, and, as a consequence, the larger 
insulin dose exerted less (and in two subjects no more) action on the pe- 
ripheral glucose assimilation than the smaller one. 

The two curves in Fig. 1 exhibit fluctuations which reflect the contest 
between insulin and its antagonists. The increase in A-V difference dur- 
ing the first 20 minutes indicates the predominance of insulin action; by 
this time, however, a large enough supply of antagonists had reached the 
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Fic. 2. Showing that in healthy man doubling of the insulin dose effects but slight 
difference in the blood sugar-time curve. After intravenous injection of either 
3or 6 units, the blood sugar begins to rise within 20 minutes after the onset of hy- 


poglycemia, indicating the ascendency of insulin antagonistic action over insulin 
action. 


field, with the consequence that insulin action was promptly depressed 
during the next interval, i.e. between 20 and 40 minutes after injection. 
This shift in the balance of forces was reflected in the shrinkage of the A-V 
difference, as well as in a simultaneous sharp upward swing (see Fig. 2) 
of the glycemic level. (The latter, of course, is a hepatic reaction of which 
we shall talk presently.) About 60 minutes after injection the blood sugar 
had risen to the neighborhood of the normal fasting level, a change which 
automatically lifted the stimulus which hypoglycemia exerted upon the 
msulin-antagonistic mechanism. As a result the insulin supply, that was 
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still in circulation, once again was enabled to assert itself, as manifested 
by a second increase in the A-V difference (Fig. 1) (peripheral action), as 
well as in the change in the slope of the blood sugar curve (Fig. 2). 


Hepatic Reactions to Hypoglycemia in 


In the defense reactions which combat hypoglycemia, the contribution 
of the peripheral (in the main, muscle) tissues is strictly negative; they put 
a brake on the downward progress of the glycemic level, but can neither 
stop it nor relieve it by returning to the blood glucose from their glycogen 
stores. This task is the burden of the liver. How does the liver accom. 
plish this task? The generally accepted answer is that any increase in 
the blood sugar during postabsorptive states is due to an increase in the 
rate of hepatic glycogen breakdown. (It would be more appropriate, per- 
haps, to speak of glucose dissimilation, since glycogen breakdown implies 
only formation of glucose phosphate.) This is regarded as the sole factor 
that accounts, for instance, for the hyperglycemic effect of adrenalin and 
of anterior pituitary extracts, and should be responsible for the sharp up- 
ward swing of the glycemic level that follows in the wake of insulin hypo- 
glycemia. 

The validity of this concept seems to be taken for granted without 
question or doubt, although on closer scrutiny one finds that it would be 
difficult to support it with unequivocal experimental evidence. The most 
complete quantitative study in this field, done by Soskin and his colleagues 
(14), gives no information in this respect. These workers estimated the 
amount of glucose transported to the liver through the portal vein, desig- 
nating this quantity as the “intake,” and simultaneously determined the 
glucose carried off in the efferent vessels, calling it the “output.” The ron 
meaning of these terms, if we do not misunderstand them, is properly ex- | om 
pressed by Diagram I, in Fig. 3. It was convincingly demonstrated in Mee 
these experiments that the glucose output from the liver becomes greater a 
than the intake at the moment when the blood sugar declines below the } gn, 
normal fasting level. This shift, however, is no evidence of increased | 
glucose dissimilation (glycogen breakdown), since the quantities dete | dog 
mined show only the amounts of glucose entering and leaving the entire | _ yipt 
body of the liver, but represent neither assimilation (‘‘intake”), nor dis per 
similation (“output’’) by the liver cells. tion 

Diagram II, in Fig. 3, offers, we believe, a more faithful picture of the | mea 
processes involved. The amount of glucose (A) that is transported to the | ing 
liver does not simply flow through the liver cells, since these, like muscle Ir 
and other tissue cells, are impermeable to free glucose. Only that fraction the 
(a) enters the cells which is assimilated (via phosphorylation), while the | rate 
unassimilated portion (b) by-passes the cells. This second fraction, the 
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extracellular glucose, leaves the liver through its efferent vessels as a part 
of the “output” (Z); to it is added the glucose derived from the continuous 
process of dissimilation (d), so that FE = 6 + d. It is evident from this 
simple equation that F (the “‘output”) can increase without an increase 
in d, that such a change can be produced by an increase in b (which in turn 
isa result of a decrease ina). A third possibility is that both b and d con- 
tribute to the changes in E. Which one of these three possible changes 
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Fic. 3. The flow of glucose through the liver. Diagram I, an oversimplified er- 
toneous presentation; Diagram II, a picture in harmony with current concepts 
concerning the carbohydrate metabolism of the liver. A is the amount of blood 
sugar transported to the liver; of this, fraction a is assimilated (i.e., it enters the 
liver cell in the form of glucose phosphate) while fraction b, unassimilated, by-passes 
the cell and is carried off from the liver in the efferent vessels. Toit is added d, the 
amount of glucose dissimilated by the liver cells. 


does actually take place? A glance at Diagram II (Fig. 3) reveals the 
virtually insurmountable difficulties in devising an approach for the ex- 
perimental probing of the problem under reasonably physiological condi- 
tions. It is obvious that, while it is possible to measure A and E, these 
measurements fail to disclose whether an increase in E£ is due to an increase 
ind or a decrease in a (which entails an increase in b). 

In this situation it appears justified to postulate the assumption that 
the insulin antagonists, which are activated by hypoglycemia, depress the 
tate of glucose assimilation (decrease a) in the liver in the same manner 
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as in the peripheral tissues. It is true that we have demonstrated this. 


change only in the peripheral tissues. Since, however, glucose assimilation 
is catalyzed in both liver and muscle cells by identical enzyme systems, 
the inference is almost inescapable that factors which inhibit assimilation 
in muscle will elicit a similar response in the liver. One must not pre- 
clude, of course, the possibility that an increase in the rate of dissimilation 
may occur concurrently with the decrease in the rate of assimilation (i.¢.. 
that an increase in both a and d may be set off simultaneously), especially 
in states of extreme stress and emergency. 


Disparities between Insulin Supply and Insulin Action 


The experiments thus far presented show that, unless hypoglycemia js 
completely excluded in studies of insulin action, one actually measures 
the balance of mutually opposing forces, the resultant of a contest between 
insulin and its antagonists, instead of true insulin action. It has come to 
our attention recently that Bouckaert and his associates (15) recognized 
this fact as early as 1929 and, with due regard to it, endeavored to main- 
tain a near-to-normal glycemic level, by continual glucose infusion, while 
observing insulin action. In this country, Drury and Greely (16, 17), 
independently of the Belgian workers, devised a similar method, which 
enabled them to demonstrate that insulin acts much longer than indicated 
by the conventional procedure in which hypoglycemia is not only tolerated, 
but, in fact, the length of the hypoglycemic phase is regarded as the meas- 
ure for the duration of insulin action. 

The fallacy of this conventional approach is evident in Fig. 2, which 
shows that in healthy men the action of 6 units of insulin is just as short 
in duration (120 minutes) as is the action of 3 units. In the experiments 
of Norgaard and Thaysen (12), in which 12 units of insulin were adminis- 
tered to healthy men, the blood sugar returned to its fasting level within 
100 minutes after injection, as short a time as after the injection of 3 units 
in our own experiments. This paradoxical phenomenon is undoubtedly 
due to the fact that in healthy persons hypoglycemia can mobilize enough 
insulin-antagonistic factors to counteract the action of from 3 to 12 units 
of insulin with nearly the same facility, in nearly the same brief period of 
time. 

Experiments presented in Figs. 4, 5, and 6 clearly illustrate the causal 
connection between hypoglycemia and the frustration of insulin action. 
In Fig. 4, Curve I (which was taken over from Fig. 2) represents the re 
sponse of healthy persons to 6 units of insulin, while Curve II shows the 
effect of the same dose in a hyperglycemic man (Subject A, who developed 
hyperglycemia following acute pancreatitis). As may be noted, in the 
hyperglycemic man insulin was still in action 3 hours after injection and, 
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yndoubtedly, proceeded beyond this period. It should be noted that in 
this instance the blood sugar was at no time even near a hypoglycemia 
level. In sharp contrast to this, in the healthy persons, in which hypo- 
glycemia set in directly after the injection of insulin, the blood sugar began 
to rise sharply after 20 minutes. This was evidently the length of time 
necessary for the mobilization of an effective supply of insulin-antagonistic 
factors in the struggle against hypoglycemia. 
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Fig. 4. Showing vast differences in the action of the same amount of intraven- 
ously injected insulin. Curve I represents the action of 6 units in three healthy 
men, Curve II the response to the same dose in a hyperglycemic man. The figures 
along the two curves represent the actual blood sugar values; the figures on the 
ordinate show the decline from the fasting level. 


| In Figs. 5 and 6, two more experiments are presented for additional 
illustration of the intimate connection between the occurrence of 
hypoglycemia and the duration of insulin action. The subjects in these 
experiments were diabetic persons who were managed by dietetic treat- 
ment alone (insulin therapy having been discontinued several years ago); 
for several years they had been aglycosuric and in as good physical condi- 
ion as any healthy person. Each received 5 units of insulin intravenously 
in the morning, without breakfast. As may be seen, Subject B (Fig. 5) 
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developed a mild hypoglycemia 30 minutes after injection; as a conse. 
quence, the blood sugar began to rise at that point. In Subject C (Fig. 6) 
hypoglycemia entered considerably later, only 90 minutes after injection; 
in consequence, it was at that time when the glycemic level began its 
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Fig. 5. Response to 5 units of intravenous insulin in a mildly diabetic man. The 
blood sugar began to rise in 30 minutes after injection, at the time when arterial 
hypoglycemia had set in (ringed dot). The A-V difference began to shrink at the 
same time. The vertical action of insulin was greater than in healthy persons be- 
cause the road between the fasting blood sugar and the hypoglycemic level was 
longer. 


upward swing. The fact that in Subject B the hypoglycemia was deeper 
and the ensuing upward turn sharper than in Subject C probably indi- 
cates that the insulin-antagonistic mechanism was more effectively excited 
in the former than in the latter. This interpretation is in full harmony 
with the changes in the A-V differences (shown in the curves in the lowe! 
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parts of Figs. 5 and 6), as well as with the course of the blood sugar-time 
curves. 

Hypoglycemia severely curtails not only the duration but also the intensity 

" of insulin action, or, as it may be put, it causes a shrinkage not only of 

ae the horizontal, but also of the vertical dimension of the blood sugar-time 
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rterial | Fig. 6, An experiment like the one given in Fig. 5. In this mildly diabetic man 
at the junits of insulin intravenously produced arterial hypoglycemia in 90 minutes after 


yng be- injection (ringed dot), the point where the blood sugar began to rise. 
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curves. This fact is vividly illustrated in Fig. 4. It is evident from the 
‘wo curves in this graph that the vertical action of insulin was abruptly 
stopped as soon as hypoglycemia activated the insulin-antagonistic mech- 
anism sufficiently to turn the tide. In healthy persons this happened 20 
minutes after the injection of insulin, when the blood sugar had decreased 
by 64 mg. per cent (a fall from 91.5 to 27.5 mg. per cent), whereas in the 
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hyperglycemic man the vertical action was as much as 118 mg. per cent 


(a fall from 341 to 223 mg. per cent), before insulin action was really over, a 
This was possible simply because insulin action was introduced at a high not | 
glycemic level, and thus could proceed a long way before being impeded sent 
by hypoglycemia. The same relationship was evident in Subjects B and crea 
C. In the latter (Fig. 6) insulin action could depress the blood sugar by } gpa. 


89 mg. per cent before hypoglycemia prevented further downward pro- \.V 
gress, while in Subject B (Fig. 5), whose fasting blood sugar was lower, 
a hypoglycemic level was reached after a shorter vertical course, and hence 











the intensity of insulin action was confined to a smaller dimension. Th 
A fourth experiment on a diabetic subject, recorded in Table IIT, shows cose 
all three features of insulin action that have thus far been considered. | sorpt 
(1) Vertical insulin action (intensity) is greater if insulin is given in a differ 
tails 
18 ast 
TaBLe III iary- 
Showing Self-Terminating Effect of Insulin Action (8 Units, Intravenously) if 
Hypoglycemia Is Allowed to Develop alge 
a —— — a ——— ' assim 
Glucose per 100 cc. of to th 
Time after insulin et pee te ee __ E A-V difference 
Arterial blood Venous blood | blood 
hrs. mg. mg. | mg. per cent lions 
0 204.7 | 203.0 | 1.7 is th 
0.5 122.6 82.1 | 40.5 strate 
1 80.2 60.8 | 19.4 
1.5 99.9 96.9 | 3.0 
2 135.8 133.7 | 2.1 
3 150.7 | 149.0 | 1.7 | 


hyperglycemic state than if injected at normal fasting levels. (2) The 
vertical action is stopped by hypoglycemia and, as a consequence, the 
horizontal action, too, is shortened. (3) The insulin antagonists, mobi- 
lized by hypoglycemia, inhibit glucose assimilation. This last fact is 
directly demonstrated by the changes of peripheral assimilation; as may 
be seen, the A-V difference increased to 40.5 mg. per cent as the result | 
of insulin action. But the increase could be maintained only as long as 
hyperglycemia persisted; as soon as hypoglycemia appeared, the A-V M. 8 
difference promptly shrank to 3 mg. per cent and continued to decrease | ’ 
under the influence of the activated insulin antagonists. 6. Bo 
We have not mentioned thus far, but have not overlooked, the signi 1 


cance of changes in the rate of blood flow, which must be taken into col- * 
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assimilation if the blood flow changes simultaneously. In our experi- 
ments, in which A-V differences decreased during hypoglycemia, we did 
not attempt to estimate the effect of possible changes in blood flow. This 
gemed unessential in view of the fact that hypoglycemia tends to de- 
crease blood flow (14, 18), a change which implies an even greater de- 
crease in the rate of assimilation than is indicated by the decrease in the 
4-V difference. 


SUMMARY 


The effects of intravenously administered insulin upon peripheral glu- 
cose assimilation were studied in healthy young persons in the postab- 


| grptive state. It was found, as indicated by changes in the arteriovenous 


Ee 
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differences of blood sugar, that hypoglycemia, produced by insulin, en- 
tails a depression of the rate of peripheral assimilation. This response 
igascribed to insulin-antagonistic endocrine factors (mainly to the pitui- 
tary-adrenal mechanism) which are activated by hypoglycemia. It is 
suggested that hypoglycemia leads to a depression of the rate of glucose 
assimilation in the liver as well as in the peripheral tissues. According 
to this concept the liver may contribute to the glucose content of the 
\lood without any change in the rate of glucose dissimilation. Implica- 
tions of the self-limiting action of insulin, which becomes effective as soon 
as the arterial blood sugar declines below the fasting level, are demon- 
strated and discussed. 
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In a study of the quantitative variations of myoglobin in muscles, the 
need arose for reliable absorption spectra and extinction coefficients of 
derivatives of both myoglobin and hemoglobin in the visible range. Suffi- 
cient data on hemoglobin are available in the literature, but those for 
myoglobin (1, 2) are conflicting and suggest the need for further study. 
Therefore, it seemed advisable to publish the results of this study of the 
absorption spectra of myoglobin and its derivatives in the visible range. 
Since the maxima and minima of derivatives of myoglobin in the visible 
range are 2 to 10 my nearer the long wave-lengths than those of hemoglobin 
(1-4), it was thought of interest to study the absorption curves of myo- 
globin in the near infra-red and compare them with the curves of hemo- 
globin obtained by Horecker (5). Consequently, this paper presents 
absorption curves and molar extinction coefficients of horse heart myo- 
globin and several of its derivatives at wave-lengths from 1000 to 450 mu. 
Studies were made of reduced (Mb) and oxidized, or met (MMb), forms 
and the derivatives, oxymyoglobin (MbO,), carbonylmyoglobin (MbCO), 


and metcyanmyoglobin (MMbCN). Metmyoglobin (MMb) was studied 
at several pH values. 


EXPERIMENTAL 


The myoglobin used in these investigations was isolated by crystal- 
lization from horse hearts by a method described in an earlier paper (6). 
Material from five individual hearts was used. The purity of these five 
preparations was based on their iron content. If the iron in myoglobin 
is 0.323 per cent of the dry weight (6), purity of the preparations used in 
the present experiments was 96 per cent or better. 

The stock solutions of myoglobin were diluted to concentrations appro- 
priate for measurement at the wave-lengths to be studied. In the near 
infra-red the concentrations ranged from 0.15 to 0.40 X 10-* m and in the 
visible from 0.03 to 0.07 X 10-*m. After measurements were completed, 
the exact molarity of each solution was determined by converting the 
myoglobin to MMbCN by the addition of a trace of potassium ferricyanide 
‘nd potassium cyanide. The density (d) was then measured at 540 my 
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and the concentration determined by using 11.3 X 10%, the molar extinction 
coefficient for MMbCN (7). The reliability of this method for determining 
the concentration of heme compounds as proposed by Drabkin (7) wag 
tested by determination of the iron in six solutions of different concep. 
trations of myoglobin. The concentrations obtained by the latter method 
agreed within 5 per cent of the values obtained by analysis as MMbCN. 

For pH values from 6.0 to 8.0, Srensen’s phosphate buffers (8) in con- 
centration of 0.5 m were added in proportions to make the final concen. 
tration 0.05 m. For pH values above 8.0, Sgrensen’s borate-HCl mixtures 
(8) and borate-NaOH mixtures (8) were used in final concentrations of 
0.02 m. 

Spectrophotometry—The measurements were made with a Beckman model 
DU spectrophotometer. The molar extinction coefficients were calculated 
by substitution in the Lambert-Beer law, 


I 
loge > = = ecl 


where J) = the intensity of incident light, J = the intensity of emergent 
light, d = the density as read from the spectrophotometer, « = the molar 
extinction coefficient, c = the molar concentration, 1 = the length of the 
light path through the solution in cm., which in this instance equaled 1.00. 

The nominal band width! ranged from 5.4 my at wave-length 1000 mu 
to 0.6 at 450 my. At 580 and 540 my, two important wave-lengths, the 
nominal band widths were 1.2 and 1.0 muy, respectively. 

Preparation of Derivatives—Reduced myoglobin (Mb) was prepared by 
placing the properly diluted and buffered solution of MMb in a Thunberg 
tube modified in a manner similar to that of Theorell and de Duve (9). 
A few grains of sodium hydrosulfite were placed in the side arm. Pre- 
purified nitrogen which had been passed over glowing copper was bubbled 
slowly through the solution for 10 minutes. Then the tube was tilted to 
dissolve the sodium hydrosulfite in the side arm and reduce the MMb. 
The slow bubbling of nitrogen was continued for another 3 minutes. The 
solution was transferred anaerobically to an absorption cell filled with 
nitrogen. The cell was stoppered and the measurements made. 

Carbonylmyoglobin (MbCO) was prepared by similar treatment with 
the use of carbon monoxide from a generator instead of nitrogen. The 


solution was gassed for 10 minutes before and 3 minutes after reduction | 


with sodium hydrosulfite. 
Oxymyoglobin (MbO.) had to be prepared by an indirect method. 
1 The nominal band widths for the slit openings used were calculated from the 


graph in Bulletin 91-C, National Technical Laboratories, South Pasadena, Cali- 
fornia. 
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The direct oxygenation of reduced myoglobin resulted in rapid oxidation 
to MMb, possibly because, as with hemoglobin (10, 11), the reduced form 
is susceptible to oxidation. MbO, could be prepared, however, by first 
preparing MbCO and then displacing the CO with oxygen in a manner 
similar to that used by Theorell (12). 

The apparatus for preparing MbO;, consisted of a tonometer made from 
a 100 ml. round bottom flask onto the bottom of which was attached a 
straight glass nipple of dimensions to allow transfer of the solution to an 
absorption cell. About 1.8 ml. of a buffered solution (final pH 6.8) of 
MMb of appropriate concentration were put into the tonometer. The 


TABLE I 
Wave-Length of Maximum and Minimum Absorption of Derivatives of Horse Heart 
Myoglobin and Human Hemoglobin in Near Infra-Red 


The values for hemoglobin were taken from Horecker’s data (5), except for those 
of reduced horse hemoglobin. 











Position of maxima Position of minima 
Derivative | ieee we eae cs it a 
Mb | Hb | Mb Hb 
| my | mu | my my 
MbO, | 940-950 920 | 700 700 
| | |  680* 
Mb 920 | 900 | gaa |S 40 
760 | 760 | 740 731 
| 900T |  840F 
| 756t  730t 
MMbCN 800 800 
Alkaline MMb 840 | 817.5§ 


* Calf hemoglobin. 

} Horse hemoglobin. 
t pH 8.50 and 9.00. 
§ pH 8.9. 


tonometer was then connected by rubber tubing and a glass-blower’s 
swivel to a CO generator and rotated 40 to 50 r.p.m. with an electric motor. 
The solution was gassed with CO for 12 minutes. Then, while the CO 
continued to flow, the tonometer was opened and a few grains of sodium 
hydrosulfite were introduced. The MMb was immediately converted 
toMbCO. Rotating and gassing with CO were continued 3 more minutes. 
Then moisture-saturated oxygen was substituted for the CO. 

In order to have the maximum amount of myoglobin present as MbOs, 
the density of several solutions was measured at 582 my after different 
intervals of oxygen flow. These tests showed that the maximum absorp- 
tion, therefore the uaximum concentration of MbOs, occurred after 3 to 4 
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minutes of oxygen flow. Fewer than 3 minutes of oxygen flow were not 
adequate to displace all the CO bound to myoglobin, and any MbCO 
that remained decreased the total density. More than 3 or 4 minutes of 
oxygen flow yielded lower densities because of oxidation to MMb. Con- 
sequently, the flow of oxygen was continued for 3 minutes in all prepa- 
rations. 

In the near infra-red region no special measures were taken to reduce 
the error caused by the oxidation of MbO2, to MMb, except to make the 
readings necessary to explore the curve as rapidly as consistent with 
accuracy. In the visible region the error was diminished greatly by making 
but three measurements on a single solution. The first measurement 
was made at a maximum, or a minimum, and the second and third 2 mz 
to either side of the first. This was carried out on three to five single 
solutions for each of the two maxima and the two minima in the visible 
region. Thee values for MbO, in Table IV were obtained in this manner. 

Oxidized myoglobin (MMb) was prepared by diluting and buffering the 
stock solution. The hydrogen ion concentrations were measured, and in a 
few instances, when the pH was not sufficiently near that of the buffer 
added, solid dibasic potassium phosphate or sodium hydroxide was added 
to increase it to a value about 0.5 of a unit greater than that of the next 
lower solution. 

The derivative metcyanmyoglobin (MMbCN) was prepared by the addi- 
tion of solid cyanide to oxidized myoglobin. 


RESULTS AND DISCUSSION 


Absorption Spectra in Near Infra-Red Region—The absorption curves 
(Figs. 1 and 2) have the general shape of those of hemoglobin (5). As in 
the visible region, the maximum and minimum absorptions of myoglobin are 
located nearer the long wave-lengths than are those of hemoglobin (Table 
I). Reduced myoglobin (Mb) (Fig. 1) presents two maxima and two 
minima in the near infra-red. The difference between the wave-length of 
maximum absorption of Mb and Hb at 760 my is small (Table 1). 
Horecker (5) gives 760 my as the maximum of human Hb. Since this is 
the position of the maximum for horse Mb, measurements were made of 
horse Hb. In each of five separate measurements (one sample of blood) 
on purified reduced hemoglobin, the maximum occurred between 755 and 
757.5 mu, or 2.5 to 5.0 my to the left of the maximum for Mb. 

The molar extinction coefficients of MbO, (Table II) in the region of 
maximum absorption are about 20 per cent greater? than those for Hb0: 
(5). This may be caused by the formation of acid MMb; however, calcu- 


2 The molar extinction coefficient for MbO, at 510 my (Table IV) is also greater 
than that of HbO, (5). 
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lations of the MMb that could be formed in the time (2 minutes) necessary 
to explore the curve between 1000 and 900 my indicate that MMb does 
not account for this increment over HbO.. 

MbCO and MMDCN (Fig. 1), like these derivatives of hemoglobin, are 
noteworthy for their transparency to near infra-red radiation. MMb 
(Fig. 2) is equally noteworthy for the influence of the hydrogen ion concen- 
tration upon the character of its absorption in these wave-lengths. The 
absorption values of this compound are so affected by variations of pH 
that it was necessary to take the data in Fig. 2 from a single experiment. 
In many other experiments, the data agreed in general character with that 
presented, but the values at any particular wave-length do not duplicate 
each other because of small variations in pH. The results of Fig. 2 show 
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Fie. 1. Absorption curves for Mb, MbO2, MbCO, and MMDCN in the near infra- 
red region. 


the following: (1) at 1000 my the density of MMb decreases as the alkalinity 
increases between pH 7.0 and 9.8; (2) the density of MMb does not change 
as the acidity increases between pH 7.0 and 5.9 (myoglobin is unstable 
below pH 5.5); (3) an isosbestic point exists for all pH values of MMb at 
about 860 my; (4) an absorption band exists in MMb above pH 8.0 which 
increases in intensity and shifts toward the shorter wave-lengths as the 
pH increases. 

Absorption Curves in Visible Wave-Lengths—The positions of the maxi- 
ium and minimum absorptions of myoglobin and its derivatives in the 
Visible range (Fig. 3, Table II) agree well with those in the literature 
(I-4), but there are differences between the extinction coefficients reported 
here and those reported elsewhere. 


Two other extensive investigations have been made of the absorption 
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curves of myoglobin (1, 2) made from crystalline material. Of these, | pa 
Theorell (1) presents specific extinction coefficients, while Kiese and Kaeske se 
(2) give only curves in which log J/J is plotted against wave-length. ; a 
The values at the maxima and minima for four derivatives of myoglobin TI 
; th 
TaBLeE II Poor 
Mazimum and Minimum Molar Extinction Coefficients of Horse Heart Myoglobin and m} 
Its Derivatives between 450 and 1000 mz 
No. of i Molar extinction coefficients, « 
° | ave- 
Derivative | — length : 
| Average High Low 
— — — | = | - j 
mp | 
Mb | 5 480 3.92 | 4.18 | 3.72 
4 555 12.92 13.09 | 12.72 
5 740 0.35 0.37 | 0.34 
5 760 | 0.40 | 0.42 | 0.39 
5 840 | 0.20 0.22 | 0.19 
5 920 0.24 0.25 0.23 
MbO: 3 510 5.5 5.6 | 5.5 
5 544 14.6 14.65 | 14.50 
4 | 564 8.5 8.51 | 8.42 
5 | 582 15.1 15.3 | 14.8 
a. 700 0.10 0.11 | 0.10 
4 940 0.36 0.37 | 0.35 
4 950 0.36 0.37 0.35 
MMbCN 5 510 6.87 7.07 6.43 
| 540 | 11.3° 
} 7 780 0.04 | 0.08 | 0.01 | 
MbCO | 4 | 6500 5.29 5.64 5.14 
6 | 540 | 14.85 | 15.00 | 14.62 | 
|} 6 | 560 | 10.57 | 10.70 | 10.40 | 
=. 577, | 12.95 | 18.15 | 12.72 
Acid MMb,f visible 3 7 | 7.55 | 7.58 | 7.50 
3 9.85 | 9.90 | 9.82 | 
3 580 2.97 | 3.04 | 2.93 Pr 
3 630 3.71 3.66 | 3.77 
* Drabkin’s value (7). have 
t pH 6.00, 6.59, and 7.11. and 
studied in this investigation are compared with those of Theorell (1) and 
Kiese and Kaeske® (2) in Table III. The new values presented in this on 
? As stated above, Kiese and Kaeske (2) show their results on hemoglobin and myo- “4 
globin as graphs in which log Jo/J is plotted against wave-length. They do not indi- pee 
C) 


cate the base of the logarithms, and it is impossible to tell which base they used ; 
by such methods as comparing their results with others established in the literature 0m} 
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paper are intermediate to those from the literature, but for reasons pre- 
sented,* no valid comparison can be made with the values given by Kiese 
and Kaeske. The new values agree substantially with those of Theorell. 
There are, however, disagreements which require comment. For example, 
the new « values for MbO, (Table IV) are higher than those of Theorell. 
Possibly, since he oxygenated with air, his results were influenced by the 
myoglobin oxidizing to MMb. Neill and Hastings (10) and Brooks (11) 
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Fie. 2. Effect of pH on the absorption curves of MMb in the near infra-red region 


have shown that hemoglobin oxidizes readily at the oxygen tensions of air 
and this may apply to myoglobin. The error introduced by the oxidation 





Por example, the molar extinction coefficient of HbO:, a compound sufficiently 
stable to lend itself to accurate measurement, was found to be 15.0 X 108 at 540 
tw by Horecker (5) and 15.3 X 10% by Drabkin and Austin (13). If Kiese and Kaeske 
used logi their concentration of hemoglobin (with 16,600 as the equivalent weight) 
makese = 19.5 X 10%. If they used In., e = 8.5 X 10%. Neither of these values agrees 


wuficiently well with established values to give a clue for interpreting their results 
02 myoglobin. 
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Fig. 3. Absorption curves for Mb, MbCO, and MMbCN in the visible region 
TaBLeE III 
Wave-Lengths of Maximum and Minimum Absorption of Myoglobin Derivatives and 
Their Molar Extinction Coefficients from This Paper and Literature 
| Maxima Minima 
‘ : ‘ per ss 7 ; eta 4 Kiese and 
Derivative | This paper Theorell (1) Kaeske (2)* This paper Theorell (1) | Kaeske (2) 
ie ae Se Ra ma 
Ware x urs Wl cao Rare aca Ware x ry Werle xu Begin | 
mp my mp | mp my | my | 
MbO, 582 | 15.1 | 582 | 12.6 | 586 | 17.0 | 564 | 8.5 | 564 | 7.2 | 575 | 15.2 } 
544 | 14.6 | 542 | 12.3 | 547 | 17.5 | 510 | 5.5] 500) 4.5 | 512 | 8.2 
Mb | 555 | 12.9 | 555 | 11.2 | 555 | 29.8 | 480] 3.9 | 480] 3.5 | 480 | 9.3 myog 
MbCO 577 | 12.9 | 579 | 12.6 | 580 | 17.5 | 560 | 10.6 | 560 | 9.5 | 565 | 16.0 bands 
540 | 14.8 | 540 | 12.3 | 540 | 19.2 | 500 | 5.3] 500 | 4.8 495 | | 8.3 | SX go 
579 | 10.0f betie 
540 | 12.04 || pe 
MMb, 630 | 3.7 | 680 | 4.0 | 680 | 7.2t) 590} 3.01! 595 | 3.5 ia i 
pH 7.0| 500 | 9.8 | 500 | 8.8) 500 | 17.0 | 460| 7.6 465 | 6.9 | 475 | 16.44 oe 
POTS TER ue . resem, 
* The values i in these columns a are calcul: ated on the basis that the authors used The 
log 19 and not In, (see foot-note 3). The wave-lengths are approximations. the say 
t The values for human MbCO are from Theorell and de Duve (9). for ho 


t The pH of these preparations is not given, but they were undoubtedly acid. | 
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of MbO. to acid MMb in these experiments has been estimated to be no 
greater than 1.3 per cent. The new values for MbO; agree well with those 
found by Horecker (5) and Drabkin and Austin (13) for HbO.. 

Theorell (1) found the extinction at the a and 8B bands of horse MbCO 
to be about equal. Theorell and de Duve (9) found the extinction of the 
a band to be less than that of the 8 band in human myoglobin; however, 
their values for human myoglobin, transformed to e, are lower than those 
for horse MbCO. If the extinction of MbCO in thea band is appreciably 
lower than in the 8 band it represents an outstanding difference between 


TaBLe IV 
Molar Extinction Coefficients of MbOz in Visible Region 


The coefficients other than those necessary to indicate the wave-length of the 
maxima and minima are not shown because of the rapid oxidation of MbO: to MMb. 


Molar extinction coefficients, « X 107? 
Wave-length No. of readings 
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a | myoglobin and hemoglobin, because in HbCO the extinctions in the a and 8 
g.0 | bands are equal (5, 13). In these studies, measurements were made on 
8.3 | sx solutions of horse MbCO, and in each the difference (1.90 xX 10%) 
between the maximum e values of the a and 6 bands (see Fig. 3) is sub- 
santiated. De Duve (14) has recently found this difference between the 
5.4 and 8 bands in human MbCO in curves whose absorption values closely 
resemble those of horse MbCO reported here (Table IT). 
The wave-length of the maximum absorption of Mb is very near, if not 
thesame as that for Hb. In Table III it will be seen that the maximum 
acid lor horse Mb occurs at 555 my according to Theorell (1), Kiese and Kaeske 
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occur at 555 my. Density readings made in this study on purified horse 
Hb were found to be maximum between 553 and 556 mu. 

The absorption curves for MMb are given in Fig. 4. The maximum and 
minimum absorptions for acid MMb are given in Table II. Tabulated 
data for MMb at pH values above 7.0 are not presented because, as in the 
near infra-red, the absorptions are so affected by variations of pH that they 
are difficult to duplicate, and, consequently, curves are as useful as values 
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Fic. 4. Effect of pH on the absorption curves of MMb in the visible region 


Below pH 7.0, MMb apparently exists as pure acid MMb. The family 
of curves in Fig. 4 resembles those of Haurowitz (15) and Austin and 
Drabkin (16) for methemoglobin (MHb). No effort was made to increase 
the pH to the alkalinity at which the myoglobin is 100 per cent alkaline 
MMb. The possibility of getting 100 per cent alkaline MMb is doubtful 
because of the formation, even though in small quantities, of alkaline 
hematin. Any alkaline hematin present would influence the densities 
sufficiently that duplication could not be obtained. 
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The absorptions of MMb are of the same magnitude, regardiess of pH, 
at wave-lengths 628, 525, and 495 my (Fig. 4). Similar isosbestic points 
exist for MHb (15, 16), but in each instance the wave-lengths of equal 
absorption of MMb, like the wave-lengths of maximum absorption, are 
nearer the red (5 to 10 mu) than for MHb. 


SUMMARY 


Absorption curves and molar extinction coefficients of horse heart myo- 
globin and several derivatives are presented for wave-lengths from 1000 to 
450 mu. In the near infra-red, the absorption curves resemble those of 
hemoglobin and, as in the visible range, the maxima are nearer the longer 
wave-lengths than those of hemoglobin. The absorption of metmyoglobin 
in the near infra-red is greatly influenced by pH values between 7.0 and 
9.5, except at 860 mu. 

In the visible range the maximum absorptions of carbonylmyoglobin are 
not only nearer the longer wave-lengths than those of carbonylhemoglobin, 
but the absorption in one band is less than in the other, which is not true 
for carbonylhemoglobin. The maximum absorption of reduced myoglobin 
in the visible range appears to be at the same wave-length as that of hemo- 
globin. Oxymyoglobin has maximum absorption coefficients considerably 
higher than those previously reported and only sightly, if at all, less than 
those for hemoglobin. The absorption by metmyoglobin is greatly in- 
fluenced by pH, and, since myoglobin oxidizes readily, this influence of pH 
is highly important in spectrophotometric studies. 


The author appreciates the suggestions given by B. L. Horecker in this 
investigation. 
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THE ROLE OF PHOSPHATE IN THE METABOLISM OF 
PROPIONIBACTERIUM PENTOSACEUM 


By H. A. BARKER* anp FRITZ LIPMANN 


(From the Biochemical Research Laboratory, Massachusetts General Hospital, Boston) 


(Received for publication, January 3, 1949) 


Although it is commonly assumed that the fermentation of glucose and 
related substrates by propionic acid bacteria involves the phosphorylated 
intermediate compounds occurring in alcoholic fermentation, the evidence 
for this view is still incomplete. The first evidence for the occurrence of 
a phosphate ester in this type of fermentation was obtained by Virtanen 
(1) who observed a slow esterification of phosphate when glucose was acted 
upon by a preparation of dried bacteria. Virtanen and Karstrém (2) 
later isolated what they believed to be a hexose monophosphate from this 
system. No one has yet isolated either a hexose diphosphate or a triose- 
phosphate from a propionic acid fermentation. The utilization of hexose 
monophosphate apparently has not been investigated, but there are several 
observations on the decomposition of fructose-1 ,6-diphosphate. Pett and 
Wynne (3) observed a conversion of magnesium hexose diphosphate to 
methylglyoxal under the influence of dried bacteria in the presence of 
toluene, and also demonstrated the presence of hexosediphosphatase, a- and 
8-glycerophosphatases, and a weak pyrophosphatase in their preparation. 
Werkman, Stone, and Wood (4) have shown that proliferating cells of 
Propionibacterium pentosaceum are able to use hexose diphosphate, 3- 
phosphoglycerate, and a-glycerophosphate as energy sources for growth in 
the absence of fluoride. The rates of decomposition of these substrates 
are much lower than for glucose. This could be due to the slow entry of 
the compounds into the living cells, or to the necessity for a preliminary 
hydrolysis, or possibly to other causes (5). The ultimate products are 
qualitatively the same as those formed from glucose. Werkman, Stone, 
and Wood (4) have shown the conversion of hexose diphosphate to phos- 
phoglycerate by toluene-treated cell suspensions in the presence of fluoride 
and a suitable hydrogen acceptor. Phosphoglycerate can also be formed 
from glucose under similar conditions either in the presence or absence of a 
little hexose diphosphate (6). Pyruvate is the most effective hydrogen 
acceptor for the oxidation of glucose to phosphoglycerate (7). However, 


even without the addition of a hydrogen acceptor, a little phosphoglycerate 
is formed. 


* Present address, Division of Plant Nutrition, University of California, Berkeley, 
California. 
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This paper reports some observations on the réle of phosphate in the de. 
composition of several substrates, mostly sugars and polyalcohols, by g 
dried preparation of Propionibacterium pentosaceum. 


Materials and Methods 


Dried cells of Propionibacterium pentosaceum, strain E.2.1.4, prepared 
by the method previously described by Barker and Lipmann (8) were used 
in all experiments. Several attempts to extract soluble enzymes from the 
dried bacteria were unsuccessful. 

Two methods were used to study phosphate metabolism. 

Method 1—To demonstrate the primary phosphorylation of a substrate 
by reaction with a high energy phosphate donor, the bacterial preparation 
was added to a system containing the phosphate acceptor to be studied, 
a phosphate donor such as ATP or phospho-enol-pyruvate, 0.005 m iodo- 
acetate, 0.04 m to M/18 sodium fluoride, 0.1 m bicarbonate, and a carbon 
dioxide atmosphere. Iodoacetate inhibits oxidative processes and permits 
the accumulation of primary phosphate esters resulting from transphos- 
phorylation reactions. Fluoride inhibits the decomposition of the phos- 
phate esters. The transfer of phosphate from ATP results in the liberation 
of 1 mole of acid per mole of phosphate; in the presence of bicarbonate the 
rate of phosphate transfer can therefore be followed manometrically by 
observing the evolution of carbon dioxide. Reactions in this system were 
also followed by observing changes in properties of the phosphate com- 
pounds. The transferred phosphate was taken to be equal to the decrease 
in easily hydrolyzable phosphate (AP;) minus the increase in inorganic 
phosphate (AP;.). 

Method 2—To demonstrate the oxidative conversion of inorganic phos- 
phate to phosphate esters, a system containing the oxidizable substrate, a 
suitable hydrogen acceptor such as pyruvate or fumarate (8), inorganic 
phosphate, 0.1 m bicarbonate, 0.04 m to M/18 sodium fluoride, and a carbon 
dioxide atmosphere was used. In this system the oxidation of the sub- 
strate was generally accompanied by the conversion of inorganic phosphate 
to a difficultly hydrolyzable ester of an organic acid such as phosphoglyceri¢ 
acid. The rate of the process could therefore be followed manometrically 
by observing the liberation of carbon dioxide from the bicarbonate bufier. 
All experiments were done at 30°. 

Inorganic phosphate was estimated by the method of Fiske and Sub- 
barow (9), ‘‘true’ inorganic phosphate by the method of Lipmann and 
Tuttle (10), phosphoglyceric acid by the polarimetric method of Meyerhol 
and Schulz (11), phosphopyruvic acid by the method of Lohmann and 
Meyerhof (12), reducing sugar by the ferricyanide method of Folin and 
Malmros (13), succinate by the manometric method of Krebs (14), pyruvate 
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by the method of Lu (15), and lactate by the method of Barker and Sum- 
merson (16). The rate of hydrolysis of phosphate esters was determined 
by the method of Lohmann (17). 


Results 


Transphosphorylations from Adenosine Triphosphate (ATP) and Phos- 
phopyruvate—By the use of Method 1, it was shown that the bacterial 
preparation was able to catalyze the transfer of phosphate from phospho- 
pyruvate to glucose, arabinose, glycerol, and erythritol (Table I). No 
transfer was observed with sorbitol or mannitol. Essentially the same 
results were obtained in another experiment in which ATP was used in 
place of phosphopyruvate as a phosphate donor, except that sorbitol 
appeared to function to a slight extent as a phosphate acceptor. 


TABLE I 
Transphosphorylations from Phosphopyruvate 


100 mg. of dried bacteria were suspended in 3 ml. of the solution described in 
Method 1. Incubation time, 120 minutes. 




















Substrates, 20 mg. Fisted Go) “a | seca are 
— —— | —— 

mg. mg. mg. 
eo ia a Ss ewwwen 0.42 0.03 | 0.18 
eee 0.42 0.35 0.00 
SG 66 niin cca cccus 0.42 0.34 0.00 
Te 0.42 | 0.00 | 0.25 
Sere 0.42 | 0.00 0.22 
Glucose....... seaficen 0.42 0.31 0.04 


eee 0.42 0.30 0.00 





The relative rates of phosphate transfer from ATP to various substrates 
are illustrated in Fig. 1; the phosphate transfer is proportional to acidifica- 
tion and is measured manometrically as carbon dioxide liberated from the 
bicarbonate buffer. Fig. 1 shows that the rate of transfer decreases in the 
following order: glycerol, glucose, erythritol, and sorbitol. In other experi- 
ments arabinose was found to be phosphorylated at about the same rate as 
glucose. 

It should be noted that one of the two labile phosphates of ATP is taken 
up rapidly, while the second follows at a much slower rate, if at all. This 
indicates that only the terminal phosphate of ATP transfers to the sub- 
sitates of the glycero-, erythrito-, sorbito-, and pentokinases present in 
this preparation. 

Coupling between Oxidation and Esterification of Inorganic Phosphate— 
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Method 2 was used to study the esterification of inorganic phosphate that 
accompanied the oxidation of various substrates. 
Glycerol—Inorganic phosphate was rapidly utilized when glycerol and Bly 
























pyruvate were incubated in the presence of fluoride (Table II). The = 
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Fig. 1. The relative rates of phosphate transfer from ATP to various substrates 
ester which could be accounted for quantitatively as phosphoglyceric acid. in 
The identity of the phosphoglyceric acid was established in a separate pl 
experiment by isolation of the crystalline barium salt which had a specific di 
rotation of —684° in the presence of excess molybdate. The uptake of ¢ 
inorganic phosphate and the formation of phosphoglyceric acid were col | y 


siderably inhibited by 0.005 m iodoacetate (Table II, Experiment 2). 
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In other experiments it was shown that in this system pyruvate and 
fumarate are reduced to lactate and succinate, respectively. Data on the 
glycerol-succinate system are given in Table III. It can be seen that the 


quantity of succinate formed is approximately equivalent to the phosphate 
esterified. 


TABLE II 
Oxidative Phosphorylation of Glycerol and Erythritol Inhibition by Iodoacetate 


70 mg. of dried bacteria were suspended in 3 ml. of the medium described in 
Method 2. Incubation time, 165 minutes. Quantities of substrates, pyruvate 100 
um, glycerol and erythritol 50 mg. 



































AP (diffi-|AP (phos- 
Experiment No. Substrate Pi. | Ps 4Pi. e | ae 
able) acid)* 
mg. mg. mg. meg. mg. ay © 
1 None 0.47 | 0.11 0.16 49 
Pyruvate 0.37 | 0.175} —0.11 | 0.05 207 
si + glycerol | 0.00 | 0.11 | —0.47 | 0.47 | 0.69 | 397 
| si + erythritol | 0.21 | 0.09 | —0.27 | 0.295 | 0.195 | 238 
2 (0.005 m iodo-| None 0.56 | 0.12 20 
acetate) Pyruvate 0.38 | 0.27 | —0.18 | 0.02 227 
+ glycerol | 0.34 | 0.25 | —0.22 | 0.09 306 
* Polarimetric method. 
TABLE III 


Oxidative Phosphorylation with Glycerol and Fumarate; Determination of Succinate 


65 mg. of dried bacteria were suspended in 3 ml. of the medium described in 


Method 2. Incubation time, 130 minutes. Quantity of substrates, glycerol 50 mg., 
fumarate 100 uo. 














Substrates | Pi. | APj. ay sere Acid formed 
— feniasinenmnannscanteneie| — |} 
mg. pl. pl. | pl. 
Myce cee 0.415 | 
Glycerol............ 0.39 | 13 “4% | ~~ g2 
RT i or 0.35 39 98 205 
Glycerol + fumarate.......... 0.00 292 


233 





Erythritol—The data in Tables II and IV show that erythritol is oxidized 
in the presence of pyruvate and fluoride with the uptake of inorganic 
phosphate and the formation of an approximately equivalent amount of a 
difficultly hydrolyzable ester. The latter has not been identified, but it 
cannot be phosphoglyceric acid, judging from the results of the polari- 
metric estimation of this compound. No extra carbon dioxide was formed 
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when erythritol was added to pyruvate, but extra acid was formed, equiva- 
lent to about 0.5 mole per mole of phosphate esterified. 


TABLE IV 
Oxidative Phosphorylation with Erythritol and Pyruvate; Determination of 
Phosphoglyceric Acid 
140 mg. of dried bacteria were suspended in 3 ml. of the solution described ip 
Method 2. Incubation time, 250 minutes. Quantity of substrates, erythritol 9 
mg., pyruvate 250 um. 








7 | —— 
| | AP (diffi- | P (phos- 
| | cultly phogly- CO: + 





Substrates Py. P7 | AP;. | hydrolys- outs acid 

| | | able) acid)* 
| mg. | mg. | meg. | omg. | mg. ul. 
eo i aie | | 0.21 192 
Erythritol............ en Sa 1 Oe oe | oa 146 
Pyruvate................. ..| 0.81 | 0.41 | —0.42| 0.14 | 0.30 | 2405 
“« + erythritol. 0.30 | 0.10 | —0.93/ 0.96 | 0.39 | 2700 


* Polarimetric method. 


TABLE V 
Oxidative Phosphorylation with Sorbitol and Mannitol 
150 mg. of dried bacteria were suspended in 3 ml. of the solution described in 
Method 2. Incubation time, 540 minutes (Experiment 1) and 120 minutes (Ex- 
periment 2). Quantities of substrates, pyruvate 250 uM, sorbitol 80 mg., mannitol 
50 mg. 




















P AP (diffi- | P (phos- 
ent Substrates Pi. Pr APi, wan phoglyceric 
. lyzable) acid)* 
mg. mg. mg. | mg. mg. 
1 | None 2.76 | 0.16 | | 0.09 
| Pyruvate 2.10 0.52 | —0.66 | 0.30 | 0.35 
Sorbitol | 2.73 0.17 | -0.03 | 0.0 | 0.07 
| Pyruvate + sorbitol | 1.61 | 0.35 | -1.15 | 0.95 0.47 
2 None | 0.77 | 0.00 
Pyruvate | 0.49 0.19 | —0.28 | 0.095 
. + mannitol | 0.39 0.16 


—0.38 | 0.23 


* Polarimetric method on lead precipitate. 


Sorbitol—Sorbitol alone was not metabolized to an appreciable extent, 
but when pyruvate was also present the esterification of inorganic phos- 
phate was about twice as great as with pyruvate alone (Table V). Most of 
the ester formed from sorbitol was difficultly hydrolyzable, but only a 
part of it, not more than half and probably much less, was phosphoglyceri¢ 
acid. The remaining part was not identified. The available data on the 
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formation of acid in the oxidation of sorbitol are not entirely consistent, 
but indicate a small formation of acid. No carbon dioxide was produced 
under the conditions of these experiments. 

Mannitol—This compound behaved much like sorbitol (Table V). There 
was a slow uptake of inorganic phosphate with the formation of a difficultly 
hydrolyzable ester that was not phosphoglyceric acid. Acid production 
was much smaller than with glycerol. 

Inositol—In the presence of pyruvate as an oxidant, inositol was me- 
tabolized with the formation of acid and a reducing compound, but there 
was no significant uptake of inorganic phosphate (Table VI). The increase 
in reducing value calculated as glucose (15.8 wm) was approximately 
equivalent to the extra acid (13.0 um). The reducing value was not ap- 
preciably altered by 7 minutes hydrolysis at 100° in n HCl, but after such 


TaBLe VI 
Oxidative Phosphorylation with Inositol and Pyruvate 
100 mg. of dried bacteria were suspended in 3 ml. of the solution described in 
Method 2. Incubation time, 180 minutes. Quantity of substrates, inositol 50 mg., 
pyruvate 150 uM. 














Substrates Pi. Pz “Glucose” COs + acid 
| mg. mg. mg. pl. 
er 0.09 | 0.98 | 183 
NG ia <2y ciate ox ear ee | 0.76 | oe | 18 | 190 
eee af Ce 1. Cae | ian 809 
Inositol + pyruvate........... | 0.40 | “4 3.96 1100 








* After 7 minutes acid hydrolysis this sample gave a greenish color with molybdate 
alone that interfered with the phosphate determination. 


treatment a compound was formed which reacted with the Fiske-Sub- 
barow molybdate reagent to give a green color that interfered with phos- 
phate determinations. Before hydrolysis this effect was not produced. 

Glucose—Glucose alone was metabolized slowly in the presence of fluo- 
ride, but on the addition of pyruvate or fumarate as an oxidant, there was a 
fairly rapid formation of acid and carbon dioxide and an uptake of inorganic 
phosphate. Typical data are given in Table VII. The molar ratio of 
phosphate esterified to glucose decomposed, corrected for the control with 
fumarate alone, varied in different experiments from 1.1 to 1.7, averaging 
about 1.5. Since there is evidence for a slow hydrolysis of the phosphate 
esters, it seems likely that the bacterial preparations are capable of esteri- 
fying a maximum of 2 moles of phosphate per mole of glucose. 

The nature of the phosphate ester was investigated in some detail. 
Triose phosphate and phosphopyruvate were shown to be absent; no 
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inorganic phosphate was liberated by alkaline hydrolysis or by oxidation 
with iodine in alkaline solution. Most of the ester withstood hydrolysis 
with n HCl for 2 hours, suggesting the presence of phosphoglyceric acid. 
In a larger scale experiment in which glucose and pyruvate were incubated 
for 7 hours at 30° in the presence of m/18 fluoride and 0.025 m phosphate, 
phosphoglyceric acid was isolated and identified by its optical rotation 
({a]p = —700°) and the phosphorus content of the barium salt (found 
8.35 per cent; theoretical 8.53 per cent). The twice recrystallized product 
represented 54.5 per cent of the total phosphate taken up. Application 
of the polarimetric method of Meyerhof and Schulz (11) indicated that alj 
the ester phosphate in the reaction mixture was phosphoglyceric acid. 


TaBLe VII 
Oxidative Phosphorylation with Glucose, Arabinose, and Fumarate 


150 mg. of dried cells were suspended in 3.5 ml. of a solution containing 0.1 y 
NaHCOs, m/18 NaF, and 0.025 m K2HPO,. Gas phase, COo. Quantities of gub- 
strates, fumarate 100 um, glucose and arabinose 40 um. Incubation time, 385 min 
utes. 


Substrate | én | “a | APi. | ‘a oo 
ul. ul. ul. pl. 
Fumarate es 304 | —111 708 
. + arabinose (total) 609 1014 —669 | 1030 
“ 4+ si (cor- 

rected)* 609 710 — 558 322 0.92 

Fumarate + glucose (total) 666 1189 —836 | 960 
. 4. . (corrected) *. 666 882 —725 252 1.09 


* Corrected for control with fumarate alone. 


Arabinose—This compound behaved very much like glucose. The data 
of Table VII show that the oxidation of arabinose resulted in the formation 
of acid and carbon dioxide and the esterification of phosphate to the extent 
of 0.92 mole per mole of arabinose decomposed. In several experiments, 
this ratio, corrected for the control without arabinose, varied from 0.92 to 
1.25, the average being about 1.05. This is appreciably smaller than the 
ratio obtained with glucose. The phosphate ester was shown to consist 
entirely of phosphoglyceric acid by the method of Meyerhof and Schulz. 
Almost pure barium phosphoglycerate was isolated in 36.5 per cent yield 
(fa]p = —689°; P 8.22 per cent). There was some formation of volatile 
acid from arabinose in spite of the presence of fluoride, the yield in two ex- 
periments being approximately 0.5 mole per mole of arabinose. About 
the same yield of volatile acid was also obtained from glucose (Table VII). 

Pyruvate—The fermentation of pyruvate in the presence of fluoride 
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was accompanied by a small esterification of phosphate (Tables IV and 
VI). The ratio of phosphate esterified to pyruvate decomposed varied 
from 0.09 to 0.33. The highest value was obtained with 0.1 m sodium 
fuoride. In the absence of fluoride no inorganic phosphate disappeared. 

Most of the inorganic phosphate utilized could be accounted for by an 
increase in easily hydrolyzable phosphate. This ester was shown to be 
precipitable by barium ion at pH 5 but was not further characterized. 
The ester is probably not ATP, since the quantity formed in some experi- 
ments appeared to be greater than could be accounted for by the adenylic 
acid content of the system. Possibly the compound is an inorganic pyro- 
phosphate. Acetyl phosphate and phosphopyruvate could not be detected 
among the products of pyruvate decomposition. 


DISCUSSION 


The experimental results support the belief that propionic acid bacteria 
utilize phosphate compounds in much the same way as do other organisms 
that have been more thoroughly studied, and they also provide some specific 
information concerning the breakdown of sugars and polyalcohols. 

The data show that glucose, arabinose, glycerol, and erythritol are 
rapidly phosphorylated by a reaction with ATP. Phosphopyruvate can 
also serve as the phosphate donor, but it is probable that this compound 
acts through the adenylic acid system. In contrast with the above sub- 
strates, mannitol and sorbitol are phosphorylated very slowly or not at all 
by reaction with ATP, although these compounds are readily fermented. 

With glucose as a phosphate acceptor considerably more than 1 mole of 
phosphate was transferred per mole of glucose, indicating a formation of 
hexose diphosphate. The latter compound is probably converted to triose 
phosphate and then oxidized. The experiments on the oxidation of glucose 
in the presence of fluoride with pyruvate or fumarate as a hydrogen acceptor 
showed that between 1.5 and 2 moles of phosphate were esterified per 


| mole of glucose and that all of this phosphate was in the form of phospho- 


glyceric acid. 
With arabinose it was of interest to find out whether a mono- or a diphos- 


on this point, but they indicate that approximately 1 mole of phosphate is 
esterified per mole of arabinose oxidized. The ester was shown to be 
entirely phosphoglyceric acid. These results suggest that arabinose is 
converted to a pentose monophosphate which is split into a triose phos- 
phate and an unphosphorylated C2 fragment. 

The transphosphorylation experiments indicate that glycerol is converted 
‘0 @ monophosphate ester. With fumarate as a hydrogen acceptor, the 
slycerophosphate was evidently oxidized first to triose phosphate and 





CP 
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then to phosphoglyceric acid, which accumulated almost quantitatively 
in the presence of fluoride. 


Like glycerol, erythritol reacts with ATP to give what is probably a T 
monophosphate. Since the oxidation of erythritol in the presence of hav 
fluoride results in the formation of acid and the esterification of inorganic ~ 
phosphate, it is likely that the following reactions occur. ne 

imp 
CH:OHCHOHCHOHCH,OH + ~ph — CH:.OphCHOHCHOHCH,OH =< pro 
—2H 
+ HPOF mi 
CH:OphCHOHCHOHCHO -———-—> CH,0phCHOHCHOHCOOph = 


CH:OphCHOHCHOHCOOH + ~ph 


This scheme is further supported by the observation that neither phospho- 1. 
glyceric acid nor carbon dioxide is formed in the oxidation of erythritol, : . 
We do not have any information on the further decomposition of the pos- 4 
tulated C, acid in a normal fermentation. 5. 
Sorbitol is apparently not directly phosphorylated. The data are con- 6. 
sistent with the view that sorbitol is first oxidized to a sugar which is 1 
phosphorylated and then oxidized with the generation of an energy-rich : 
phosphate bond. The ester which accumulates is difficultly hydrolyzable, 10, 
but cannot be phosphoglyceric acid. Mannitol seems to behave very 11. 
much like sorbitol. 12. 
There is considerable evidence that propionic acid bacteria form ace- 13, 
tate by an oxidative decarboxylation of pyruvate (18). Since the oxida- 1 
tion of pyruvate by Lactobacillus delbrueckii was found to involve the inter- 16. 
mediate formation of acetyl phosphate (19), it was thought likely that ) 17. 
this compound would also be formed in pyruvate oxidation by propionic 
acid bacteria. However, all attempts to detect acetyl phosphate in our 18. 
preparations were unsuccessful. If acetyl phosphate is actually formed, it | = 


must be rapidly decomposed. Most of the inorganic phosphate taken 
up is converted to an easily hydrolyzable compound that has some of the | 
properties of inorganic pyrophosphate, although an organic pyrophos- 
phate is not definitely excluded. 

Unlike the other fermentable substrates examined, inositol was neither 
phosphorylated directly by ATP nor oxidized with an uptake of inorganic 
phosphate. The oxidation of inositol in the presence of fluoride results in 
the formation of an acid and a reducing compound in approximately 
equivalent amounts. If the acidic and reducing properties belong to the 
same compound, the product of inositol oxidation may be a uronic acid 
or a somewhat similar compound. In this connection it may be noted 
that Kluyver and Boezaardt (20) observed the formation of inosose, 4 
reducing cyclose, as a result of the oxidation of inositol by Acetobacter 
suborydans. The propionic acid bacteria probably cause a further oxi- 
dation with opening of the ring. 
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ely SUMMARY 


Transphosphorylations and the oxidative formation of phosphate esters 
have been studied with dried preparations of Propionibacterium pento- 
saceum with several substrates including glucose, arabinose, glycerol, eryth- 
ritol, mannitol, sorbitol, inositol, and pyruvate. The results show the 
importance of phosphate in the metabolism of propionic acid bacteria and 
provide some information concerning the manner in which the substrates 
are decomposed. 
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POLYMERIZATION OF 6-HYDROXYINDOLES AND ITS 
RELATION TO THE FORMATION OF MELANIN 
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(From the Department of Chemistry, Massachusetts Institute of Technology, 
Cambridge) 
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Melanins are probably the most widely distributed pigments in the ani- 
mal kingdom. In the laboratory one can be formed by oxidative processes 
from 3,4-dihydroxyphenylalanine. On excellent grounds (1) an inter- 
mediate product (2) is judged to be an o-quinone indoline, I, or one of its 
tautomers, for example II or II’. Recent spectroscopic measurements 
(3) clearly favor I. 








0 H, O H, H 
VV? * HOY A \ 
HCO.H Suco.H SCO.H 
1 HO HO, J 4 
\0 \N \/ YNZ Q/NNZ 
0 H H 
(I) (II) (II’) 


Subsequent oxidation of this intermediate yields a melanin. The course 
of this change is not understood, although it seems clear (1-3) that tauto- 
meric changes occur to I so that structures of the type of II or II’ form. 

Some light might be thrown on the subject if the behavior of monohy- 
droxyindoles was known. 5-Hydroxyindole (4) is stable unless it happens 
to be formed in acid solution (5), where it can suffer the same type of 
vinyl polymerization which indole and skatole (6) undergo. 6-Hydroxy- 
indole has not yet been prepared. Good reasons exist for supposing that 
such a compound would have unusual polymerizing activity. For instance, 
the 3 position of indole is normally very active as seen in the Mannich re- 
action, certain condensation reactions, and the behavior with Grignard 
reagents. Mild oxidation, such as is used for changing hydroquinones to 
quinones, should convert a 6-hydroxyindole to a quinomethane, IIT. Qui- 
nomethanes contain an unsymmetrically substituted vinyl system and as a 
class are highly susceptible to polymerization. The simplest quino- 
methane, IV, has never been prepared, but if two phenyl! groups are pres- 
ent, as in the well known fuchsone, V, there is sufficient stability to permit 
isolation. The as-diphenylquinodimethane, (CsHs)2C—CsHi=CH2, can- 
not be isolated (7) because of its great tendency to polymerize. While 
higher molecular weight analogues, such as dinaphthylquinodimethane, 
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(CioHz)2C—=CsHi=CHz, can be isolated, they polymerize readily. In gen. 
eral a vinyl group unsymmetrically substituted and with 1 carbon part of 
the ring seems highly disposed toward polymerization. 


H CH, C(C.H;), 
Va rh Y Va Va 
CCO.H & 
J\9 87 O\7 ON/ 
O O O 
(IIT) (IV) (V) 


These facts led us to study compounds (a) in which an o-quinone might 
not, or could not, form and (b) in which a single pheny] group is at the 3 
position in order to facilitate the isolation of what might otherwise prove to 
be an exceedingly unstable monomer. Such a phenyl group is often used! 
in organic problems because of its stabilizing nature and, in the present 
instance, was expected to impart desirable characteristics. The two com- 
pounds selected were 2-carboxy-6-hydroxy-3-phenylindole (VI) and its 
5-methy! homologue (VII), which, apart from the features noted, are very 
similar to the indole, II, from 3 ,4-dihydroxyphenylalanine. 


C.H; C.H; 
CH, 
CO.H O.H 
HO N HO N 
H H 
(VI) (VID 


Compound VI or its methyl ester could be isolated only in impure form 
although the 6-benzyloxy-3-phenylindole-2-carboxylate that immediately 
preceded VI was quite stable. The product obtained was always low in 
carbon, probably because of oxygen uptake at position 5. Causse’s (8) 
test with antimony trifluoride for o-diphenols was positive. The 5 posi- 
tion would be active because of the combined influence of the 6-hydroxy 
and the amino group. When the 5 position was blocked, as was done later 


in the preparation of VII, no oxygen was taken up. Hence the desired | 


product, VI, was probably contaminated with the 5,6-dihydroxy com- 
pound (VIII). 

Isolation of pure VII proved feasible. Its oxidation with potassium 
chlorate-vanadium pentoxide or with ferric chloride, both mild reagents 


‘For example, phenyl groups stabilize carbonium ions so that the isolation of | 


the stable carbonium triarylcarbonium perchlorate is possible. It also slows down 
the tautomeric process of nitromethane so that the change can be observed. It's 
responsible for the unreactivity of chlorine in chlorobenzene, 
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C.Hs 


sok 7 


(VIII) 


suitable for converting hydroquinones to quinones, yielded dark amorphous 
polymers, insoluble in common organic solvents and in dilute alkali. It 
is therefore clear that the 5 position is unnecessary for conversion to a 
melanin-like product. Polymerization takes place with great ease, even 
when the course of oxidation is restricted to the quinomethane path and a 
phenyl group is present to impart stability. 








C.Hs 
( C C —)n 
HC | | 
@ | 
HC C CCO.H 
| JG \NNZ 
C—CH 
WA 
O 
(IX) 


While a vinyl function appears to be present in the hypothetical pri- 
mary oxidation product from VII and can cause polymerization, the actual 
course is obscured by one or more secondary reactions. A vinyl type of 
polymerization might give a structure, [X, for which the empirical com- 
position would be 2 hydrogen atoms less than for the monomer. But the 
products from polymerization showed higher percentages of carbon with 
loss in acidity. Carbon dioxide could not have been lost, because that 
would require a very large increase in percentage of carbon. Furthermore 
the ratio of carbon to nitrogen remained approximately constant at 16:1, 
rather than dropping to 15:1. The general change in composition indi- 
cates a condensation and the simplest one would be loss of water, the OH 
coming from the carboxyl group and the H from the NH of another un- 
oxidized molecule. The over-all oxidation-condensation process would 
then be expressed by the equation 


2C16H110;N—2H—H.0==Cy2H150;N2 


The composition of the polymers produced in acetic acid was not far from 
this value. See Table I. 


The argument that the carboxyl group participates in an ordinary con- 
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densation as a secondary reaction during the polymerization seems to be 
sustained from the results in alcohol in which esterification could occur. 
In this case the ratio of atoms of carbon to nitrogen would approach 18 
the more successfully esterification competes with the alternative conden- 
sations. The data in Table I are consistent with this view. 


TABLE [ 
Comparison of Atoms in Polymers from 6-Hydroxry-5-methyl-3-phenylindole-2- 
carborylic Acid 


Ratio of atoms in polymer 


| Cc | N H S 
a _ — — a 
eee ae ww 16 1 | 13 3 
Polymer (theory)........... |. 56 | 1 | ll 3 
“(found in HOAc with KC103-V:03). | 16.05 1 11.3 | 2.46 
ti EE TES OR Pe AE A 36a | 1 is aaa 2 


| 
Polymer less H.O; theory for oxidation- | | | 


condensation..... | 16 | 1 9 2.5 
Polymer Cond i in EtOH with KCIO;- V;0;). 17.20 | 1 | 12.55 2.69 
oy OEE SE es 2 ane VERS. 1 | 14.7 2.74 

| 1 | 15 3 


Polymer; theory for oxidation-esterification.,; 18 


These results do not of course prove that the polymerization of a com- 
pound, such as II’ or VIII, which has the hydroxyl group at C;, must take 
place through the quinomethane path, but it is conceivable that polymer- 
ization does occur that way and that the hydroxyl group at C; activates, 
but does not directly participate in, the process. Attention should be 
drawn to the fact that, if oxidation had taken place to give a quinoimine 
X, as the initial step, the product would still be equivalent, in degree 0, 


Ay C.H; C.H; 
Wn / °\ NAN 
ae o te | eo.H 
ae BO AN ASA 
(X) (XI) 


oxidation, to a quinomethane, XI, since the two structures can be pic- 
tured as contributing to resonance ina hybrid, as indicated by the formulas. 
The second form could then be the one that would yield the polymer. 

The methods of syntheses of the two compounds are outlined in Dia- 
grams 1 and 2. In general, each preparation involved the application of a 
Japp-Klingemann condensation to an appropriate intermediate in which 
the phenolic hydroxyl was protected by a benzyl group. The latter was 
then removed by aluminum chloride. 
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An attempt was made to prepare 1-methyl-3-pheny]-6-hydroxyindole 
in which the tendency for the 5 position to oxidize might be lessened. 
The method chosen necessitated the formation of the unsymmetrical hydra- 
zine, m-CsHsCH2OCsHiN(CH;)N Hz, which was to be used for the prepara- 
tion of a hydrazone and a Fischer indole synthesis. The scheme pro- 
ceeded satisfactorily through the preparation of the nitroso compound, 
m-CsHsCH20C,H:iN(CH;3)NO, but met failure in the reduction to the 
hydrazine. 


Diagram 1. Method of Preparation of Compound VI 


a Seg | G . 
NHR’ RO ” ids C.H; * RO\W Loo. ~R’ 





(XII to XV) (XVI od vD 
XII, R = H, R’ = H XV, R= CcHsCH:, R’ = H 
XIil, “ = “ce “cc = COCH; XVI, “ _ “ = C.H; 
XIV, “ = C.H;CH:, R’ = COCH, VI,“ =H, RP =H 
Diagram 2. Method for Preparation of Compound VII 
CH, CH; CH,” \—7C.Hs 
—> os 
H.N NO, RO NR; RO\W n/CO2R’ 
H 
(XVII) (XVIII to XX) (XXI and VII) 
XVIII, R = H, R’ = O XXI, R = CsH;CHy, R’ = C.H; 
XIX, “ = CsH;CH:, R’ = O VII, “ = H, R’=H 
XX, “ = “ “ = H 


An attempt was made also to prepare VI by way of the O-methy] in- 
stead of the O-benzyl ether. The experiments were successful until the 
last stage of cleavage, in which extensive polymerization took place to give 
a black solid. 

The authors are greatly indebted to Professor Charles H. Blake, of the 
Biology Department, for calling our attention to this problem of melanins 
and for many profitable discussions on their occurrence and properties. 
One of us, W. R.S., is also indebted to the American Cancer Society for a 
predoctoral fellowship during this study. 


EXPERIMENTAL 


3-Benzyloxyacetanilide, X 1V—m-Hydroxyacetanilide (9) (220 gm., 1.46 
moles) was dissolved in 600 ml. of dry methanol containing 81.5 gm. (1.46 
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moles) of potassium hydroxide and methanol and water were removed 
under reduced pressure. Benzyl chloride (204 gm. or 1.6 moles), pre- 
viously dried over calcium chloride, and 315 ml. of anhydrous ethanol were 
then added to the solid potassium phenoxide and the mixture was re- 
fluxed on a steam bath for 2 hours. The mixture, when cooled and filtered, 
yielded a brown solid, and the mother liquor yielded more after being 
diluted with 100 ml. of water. The combined precipitates were washed 
with 500 ml. of cold 1 N sodium hydroxide and then with ice water. The 
yield was 259 gm. or 74 per cent. A sample was alternately crystallized 
from benzene, ethyl acetate, and alcohol until a white product, which 
melted at 122.5-123.5° (corrected), was obtained. This material was 
very soluble in chloroform and acetone, was soluble in nitromethane, etha- 
nol, and ethyl acetate, and was insoluble in petroleum ether, ether, cy- 
clohexane, benzene, and carbon tetrachloride. 


Analysis—C,sHis0.N. Calculated. C 74.68, H 6.27, N 5.81 
Found. ‘¢ 74.35, “* 6.42, * 6.01 


The above reaction was even better when the m-hydroxyacetanilide was 
refluxed with benzyl chloride in acetone that contained potassium car- 
bonate. The yield was 85 per cent. 

m-Benzyloxyaniline, XV—This compound was prepared by refluxing 
145 gm. of the anilide, XIV, with 336 gm. (6 moles) of potassium hy- 
droxide in 2 liters of 90 per cent alcohol for 6 hours. The alcohol was then 
removed by distillation and the residue was extracted with ether. The 
extract was washed, dried over Drierite, and distilled (171°, 2 mm.). 
When redistilled, this oil solidified on standing. The pure product melted 
at 61-62.5°. It was very soluble in ether, ethanol, acetone, chloroform, 
carbon tetrachloride, and 1 N hydrochloric acid, and was insoluble in 
benzene, cyclohexane, and petroleum ether. 


Analysis—C,3;3H:;0N. Calculated. C 78.36, H 6.58, N 7.03 
Found. ot (Oca, O208;. 6.84 


The p-toluenesulfonyl derivative melted at 112-112.5° (corrected) and 
was soluble in acetone and chloroform, insoluble in ether, ethyl! acetate, 
alcohol, benzene, cyclohexane, and alkali. 


Analysis—C2oHi,0;NS. Calculated. C 67.95, H 5.43, N 3.96 
Found. ** 67.95, “‘ 5.33, ‘* 4.08 


Ethyl 3-Phenyl-6-benzyloxyindole-2-carborylate, X VI—m-Benzyloxyani- 
line, 24.9 gm. or 0.125 mole, was diazotized in a solution of 8.7 gm. (0.126 
mole) of sodium nitrite in 20 ml. of water, 150 gm. of ice, and 35 ml. of 
concentrated hydrochloric acid. This solution was then added at once 
to a solution of 27.5 gm. (0.125 mole) of ethyl a-benzylacetoacetate (10) 
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in 190 ml. of alcohol, 40 ml. of water, and 15 gm. (0.375 mole) of sodium 
hydroxide. After 5 minutes, 300 ml. of water were added. The black 
oily precipitate was washed by decantation and then dried. This oil was 
dissolved in 50 ml. of dry alcohol and the solution saturated with dry hy- 
drogen chloride. Refluxing half an hour caused the separation of ammo- 
nium chloride. Addition of water precipitated a dark resinous mass after 
afew hours. Extraction of this crude material with petroleum ether gave 
a light colored solid which could be crystallized from alcohol, ethyl acetate, 
carbon tetrachloride, or nitromethane. Eventually a 17 per cent yield of 
tiny white square plates that melted at 165-165.5° (corrected) was ob- 
tained. 


Analysis—C2H210;N. Calculated. C 77.60, H 5.70, N 3.76 
Found. “* 77.37, “* 5.86, ‘* 3.59 


$-Phenyl-6-hydroxyindole-2-carboxylic acid, VI—In a special creased flask 
(11) with inverted bottom, equipped with a mercury-sealed stirrer and 
reflux condenser, were placed 3.80 gm. (0.01 mole) of the ester, XVI, 4.1 
gm. (0.03 mole) of anhydrous aluminum chloride, and 200 ml. of dry ben- 
zne. The mixture was refluxed with stirring for 1 hour. The contents 
were then poured on ice and acidified with hydrochloric acid. The ice- 
cold solution was immediately extracted with ether and the ether in turn 
with sodium hydroxide. Ice was added to the alkaline layer and the red 
alkaline solution titrated with concentrated hydrochloric acid until a copi- 
ous white precipitate appeared. The precipitate was filtered, washed until 
neutral to litmus, and dried at reduced pressure. A light brown solid that 
melted at 170-175° was obtained. It was soluble in sodium carbonate but 
the neutralization equivalent was high, being 264 instead of the calcu- 
lated 253. Furthermore, the amount of solid obtained was 2.62 gm., or 
20 mg. more than the theoretical amount. 

The above results indicated that some of the product had taken up 
oxygen. The 5 position was suspected and a test with antimony trifluo- 
ride for adjacent phenolic groups was made. The antimony trifluoride was 
dissolved in a saturated sodium chloride solution and the solution was 
neutralized with sodium carbonate solution until the precipitate which 
formed no longer dissolved. The solution was then filtered. The crude 
acid, VI, was dissolved in a volume of methanol equal to that of the in- 
organic solution. The two solutions were then warmed and mixed. A 
precipitate immediately formed, indicative of the diphenolic compound. 
The precipitate was filtered, washed with water to remove antimony and 
sodium salts, and then with methanol to remove organic acid. A small 
amount of black solid remained when the residue was dried. 

That all of the compound had not been oxidized to a diphenolic product 








266 MELANIN FORMATION 


was indicated by the results of an attempt to esterify the crude acid, VI, 
(2.52 gm.) with dry hydrochloric acid in 200 ml. of alcohol. The tempera. 
ture was maintained below 60° for 50 minutes. When the phenolic prod. 
uct was recovered by extraction and sublimation, the analysis suggested 
loss of nearly all of the carboxyl group. Accordingly the trace of ester was 
removed by saponification with 10 per cent sodium hydroxide, under nitro- 
gen atmosphere, a few mg. of sodium bisulfite also being added in order to 
prevent oxidation. The neutral material, 6-hydroxy-3-phenylindole, y- 
covered from these steps consisted of 200 mg. of a white solid that melted 
at 175-177° (corrected). 


Analysis—CyHi0N. Calculated. C 80.33, H 5.30, N 6.69 
Found. “7a, “88 "6 


Two further attempts were made to obtain a pure ester from the crude 
acid, VI; one was with the silver salt-methyl iodide method and the other 
was with diazomethane. In general, neither of these processes was success- 
ful. The product was usually a brown solid. Sublimation at 2 wu and 
150° yielded lighter colored material, some even white, but none that cor- 
responded exactly with the value for the pure methyl ester. Each frae- 
tion was low in carbon and high in oxygen, indicative of contamination 
with the oxidized product. 

4-Nitro-2-hydroxytoluene, XV III—The synthesis of VII began with. tech- 
nical nitrotoluidine, XVII, and followed the method of Ullmann and Fitz- 
enkam (12). The yellow crude product melted at 113-116°, and was used 
in the next step. The recorded value is 118°. 

4-Nitro-2-benzyloxytoluene, XIX—The benzyl ether was made by re- 
fluxing overnight 8.5 gm. (0.056 mole) of XVIII with 5.8 gm. (0.042 mole) 
of anhydrous potassium carbonate and 7.6 gm. (0.06 mole) of dry benzyl 
chloride in 150 ml. of acetone. The mixture was stirred gently to prevent 
bumping. The product was washed with 1 per cent sodium hydroxide 
and then with water. The yield of crude ether was 74 per cent. Re- 
crystallization successively from alcohol, petroleum ether, and methanol 
(decolorizing carbon used in the last) gave white microscopic needles which 
melted at 75.5-76° (corrected). The product was very soluble in ethy! 
acetate, benzene, and acetone, soluble in alcohol and methanol, and in- 
soluble in water. 


Analysis—C\4Hi;0;3N. Calculated. C 69.12, H 5.39, N 5.76 
Found. “ 68.84, “ 5.46, “ 5.75 


4-Amino-2-benzyloxytoluene, XX—On a steam bath 6.7 gm. (0.03 mole) 
of stannous chloride dihydrate, 8 ml. (0.1 mole) of concentrated hydro- 
chloric acid, and 20 ml. of alcohol were heated to boiling in a beaker. Ad- 
dition of 2.43 gm. (0.01 mole) of crude XIX caused a rapid exothermic re- 
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action. In 10 minutes a copious white precipitate appeared. After 5 
more minutes the beaker was placed on ice, and the pasty solid reeovered 
by filtration. Addition of 10 per cent sodium hydroxide produced an oil 
which was extracted with ether. Addition of a small amount of concen- 
trated hydrochloric acid then yielded 1.7 gm. (70 per cent) of a yellow solid. 
Sublimation at 1 mm. in a large test-tube gave first a yellow solid and then 
a pure white hygroscopic solid. The latter melted at 216.5-217° with de- 
composition. This hydrochloride of XX was soluble in hot alcohol and 
insoluble in alcohol, ether, benzene, acetone, and water. 


Analysis—Cy,HigONCl1. Calculated. C 67.33, H 6.46, N 5.61 
Found. © G7 :2l,. * 6:38,. * 5.94 


Addition of alkali to the hydrochloride yielded an oil, XX, which dis- 
tilled at 157° and 1 mm. and had a refractive index, n® = 1.6022. 


Analysis—Ci,H1;0N. Calculated. C 78.84, H 7.09, N 6.57 
Found. 18610, C08, CAT 


Ethyl 3-Phenyl-5-methyl-6-benzyloxyindole-3-carboxylate, X X I—This com- 
pound was made by the procedure used for XVI from 3 gm. (0.012 mole) 
of the crude hydrochloride of XX, 0.9 gm. of sodium nitrite, 24 ml. (0.024 
mole) of 1 n hydrochloric acid, 1.45 gm. (0.036 mole) of sodium hydroxide 
in 5 ml. of water, and 2.65 gm. (0.012 mole) of ethyl benzylacetoacetate 
in 20 ml. of alcohol. The crude brown product amounted to 3.2 gm., 69 
per cent yield. A cold methanol wash left a light brown solid which was 
crystallized from cyclohexane and then decolorized with carbon and re- 
crystallized from the same solvent. The final yield was 1.8 gm. (39 per 
cent) of white microscopic needles that melted at 173.5-174.5° (corrected). 
It was very soluble in ethyl acetate, benzene, ether, and acetone, soluble 
in hot methanol, ethanol, or cyclohexane, and insoluble in petroleum ether. 


Analysis—C2;H2;0;N. Calculated. C 77.91, H 6.00, N 3.64 
Found. EEeey Ohkay Onan 


$-Phenyl-5-methyl-6-hydroxyindole-2-carboxylic Acid, VII—This com- 
pound was made by the method used for VI from 1.0 gm. (0.0026 mole) 
of the ester, X XI, 1.05 gm. (0.0078 mole) of aluminum chloride, and 100 
ml. of dry benzene. The yield was 585 mg. (84 per cent) of nearly white 
slid that melted at about 195°, and was very soluble in methanol, ethanol, 
ether, and acetone and insoluble in benzene and chloroform. Repeated 
crystallization from hot benzene and the use of decolorizing carbon would 
hot remove all the color. The light tan needles melted at 205-205.5° 
(corrected) with decomposition. Analysis showed a small trace of ash 
still present. 


Analysis—C,sH1;0;N. Calculated. C 71.90, H 4.90, N 5.24 
Found. ** 71.34, “© 4.92, “ 5.19, ash 0.61 
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Oxidative Polymerization of VII—0.5 gm. (0.00188 mole) of VII was 
dissolved in 40 ml. of glacial acetic acid. A small trace of insoluble residue 
was removed by filtration. A solution (5 ml.) of vanadium pentoxide 
(1 to 2 mg.) in 1 N hydrochloric acid and 2 ml. (0.001 mole) of 0.5 nN potas- 
sium chlorate was added. The solution immediately became jet-black. 
The next day the reaction mixture was filtered and the precipitate washed 
thoroughly with water. When dried, the purple-black solid, Fraction a, 
weighed 0.1 gm. 


Analysis—Found, C 74.87, H 4.42, N 5.44, ash, trace 


The filtrate was allowed to stand 5 more days and more polymer was 
collected. The dark brown solid, Fraction b, was washed and dried as 
before. This fraction had a neutralization equivalent of the order of 
10,000. When allowed to stand overnight in 10 per cent sodium hydroxide, 
only a little of Fraction b dissolved. None of Fraction a dissolved. Sub- 
sequently, after being filtered and washed, part of Fraction b dissolved to 
give a dark green solution. The residue was red. Carbon dioxide re- 
precipitated the polymer. Fraction b, C 73.11, H 4.95. 

Ferric chloride (4.0 ml. of 1 N solution) was used as the oxidizing agent 
in place of the chlorate. The black solid isolated by the end of 1 day 
was 0.137 gm. C 76.39, H 5.04, N 5.43, ash, trace. 

In alcohol solution the quantities of reagents were the same as in acetic 
acid. Potassium chlorate yielded 0.054 gm. of a red solid after standing 
overnight. C 74.77, H 4.59, N 5.06, ash, trace. Ferric chloride, by the 
end of 1 day had produced 0.073 gm. of a black solid. C 74.09, H 5.28, 
N 4.98. 

When oxidizing agents were not used, no precipitation occurred. 

N-Methyl-m-benzyloxyaniline—Sodium sand (4.6 gm. or 0.2 mole) was 
made by vigorous agitation in hot xylene in the high speed stirring ap- 
paratus (11) under an atmosphere of nitrogen. The xylene was cooled to 
60° and pure dry m-benzyloxyacetanilide, XIV, (48.2 gm. or 0.2 mole 
was added with rapid stirring to insure thorough mixing. The temperature 
was raised to 100° and held at 100-110° for 1 hour. A rapid evolution 
of hydrogen occurred and the solution gradually became homogeneous. 
The heater was then removed and 18.9 gm. (0.15 mole) of dry methyl 
sulfate were added in small portions. When this highly exothermic re- 
action was completed, the solution was stirred an additional 15 minutes 
and then cooled and filtered. Xylene was removed from the filtrate by 
distillation at reduced pressure to give an oil. Meanwhile the jelly-like 
product on the filter was dissolved in water and more of the oil recovered. 
To the combined oil fraction 55 gm. of potassium hydroxide in 500 ml. of 
90 per cent alcohol were added. The mixture was refluxed for 48 hours. 
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The alcohol was removed by distillation and the residue extracted with 

ether. The ether extract was washed, dried with sodium sulfate, and 

distilled. At 156-165° and 1 mm., 40 gm. or 94 per cent of a straw-colored 

liquid were obtained. This product was dissolved in acetone, cooled to 

—72°, and filtered through a bed of solid carbon dioxide. The filtrate was 

then distilled twice and the N-methyl-m-benzyloxyaniline collected at 
144-145°, 1 mm., as a pale yellow liquid; n® = 1.5960. 
Analysis—CyHi;0N. Calculated. C 78.84, H 7.09, N 6.57 
Found. ** 78.90, ** 7.19, ‘* 6.82 


The acetyl derivative melted at 70-72°. It was soluble in all common 
solvents except cyclohexane and petroleum ether. 


Analysis—Ci,Hi;0.N. Calculated. C 75.27, H 6.71, N 5.49 
Found. (bene, “ 6.80,“ 5.56 


The picrate was obtained when a boiling dilute hydrochloric acid solu- 
tio was mixed with a boiling saturated aqueous solution of picric acid. 
The product was crystallized from alcohol and then from ethyl! acetate to 


give large yellow-brown, four-sided prisms that melted at 138-138.5° 
(corrected). 


Analysis—C2oHisOsN,. Calculated. C 54.30, H 4.10, N 12.67 
Found. “ 54.40, 4.19, “ 12.80 


N-Nitroso-N -methyl-m-benzyloxyaniline—The above compound (1.0 gm. 
or 0.0047 mole) was partially dissolved in 82 ml. of 0.1 N hydrochloric 
acid. The mixture was cooled to 15° and an aqueous solution of 0.4 gm. 
(0.006 mole) of sodium nitrite was added rapidly with stirring. After 10 
minutes the orange-colored solution was extracted with ether. From the 
extract 0.9 gm. (88 per cent) of a brown-red solid was recovered. Crystal- 
lization from 1:1 ether-petroleum ether and then from methanol yielded 
orange-colored crystals that melted at 62-62.5°. It was soluble in chloro- 
form, ether, benzene, ethyl acetate, and hot cyclohexane, slightly soluble 
inmethanol and alcohol, and insoluble in cyclohexane and petroleum ether. 


Analysis—C,,HisO2Ne2. Calculated. C 69.40, H 5.82, N 11.57 
Found. ‘** 69.70, ‘‘ 601, ‘* 11.58 


Reduction of this compound with zine dust and acetic acid failed to give 
the hydrazine. 

Ethyl 3-Phenyl-6-methoxyindole-2-carborylate—m-Anisidine, 6.1 gm. or 
0.05 mole, was subjected to a Japp-Klingemann condensation with 11 
gm. (0.05 mole) of ethyl benzylacetoacetate, sodium nitrite, hydrochloric 
acid, and sodium hydroxide in the same manner and the same proportions 
a’ were used in the preparation of XVI. The resinous product was 
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crystallized alternately from alcohol and ethyl acetate until white needles, 
m.p. 176-176.5°, were obtained. 


Analysis—CisH;;0;N. Calculated. C 73.22, H 5.79, N 4.74 
Found. ‘© 73.24, ‘© 6.08, ‘* 4.64 


When the ether was refluxed with aluminum chloride in chlorobenzene, a 
black solid was obtained. 


SUMMARY 


6-Hydroxy-3-phenylindole-2-carboxylic acid, similar in structure to a 
possible intermediate in polymerization of a hydroxyphenylalanine to mela- 
nin except for the stabilizing phenyl group, has been prepared and found 
to undergo easy oxidation at the 5 position to give probably the 5,6- 
dihydroxy compound. 

The 5 position has been blocked by a methyl group and the correspond- 
ing 5-methyl-6-hydroxy-3-phenylindole-2-carboxylic acid can be isolated. 
It undergoes polymerization in the presence of mild oxidizing agents to 
give a melanin-like product. 

The results are interpreted as showing that the 5 position is not neces- 
sarily involved in the polymerization of a 5,6-dihydroxyindole to melanin, 
since a quinomethane structure that involves the 6 position would be 
sufficient to give the polymer. 
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FACTORS INFLUENCING THE AGGLUTINATION OF RED 
BLOOD CELLS, RED BLOOD CELL STROMA, 
AND LYMPHOCYTES* 


By STEPHAN LUDEWIG anv ALFRED CHANUTIN 


(From the Biochemical Laboratory, University of Virginia, Charlottesville) 
(Received for publication, January 138, 1949) 


In a recent review of the literature (1, 2), many of the problems dealing 
with cellular agglutination caused by ricin are presented and discussed. 
Although this phenomenon was first described in 1888 by Stillmark, reac- 
tions involved in the agglutination of cells are poorly understood. The 
present report is concerned with factors which affect agglutination. Data 
are presented which show that erythrocyte, erythrocyte stroma, and lym- 


phocyte agglutination may be influenced by a large number of different 
materials and conditions. 


Methods 


The degree of agglutination of red blood cells was determined by a method 
described by Cannan.' This procedure is based on the ability of unagglu- 
tinated red cells to pass through filter paper. Human red cells (type O) 
were obtained from the hospital blood bank and were washed with buffered 
saline? three times with the aid of the centrifuge. A 5 per cent suspension 
of these cells was prepared in buffered saline and the mixture was filtered 
through Whatman No. 2 paper to remove clumped red cells. 

An agglutinin-rich precipitate was obtained by dialyzing an aqueous ex- 
tract of cold-pressed castor bean pomace against running tap water main- 
tained at 2°. This precipitate was suspended in saline and the insoluble 
material was removed by centrifuging. The agglutinin-rich supernatant 
served as a stock solution and retained its activity while frozen. A dilute 


solution was prepared from the stock solution at weekly intervals and was 
kept at 5°. 


* The work described in this paper was done under contract between the Medical 
Division, Chemical Corps, United States Army, and the University of Virginia. 
Under the terms of this contract the Chemical Corps neither restricts nor is re- 
sponsible for the opinions or conclusions of the authors. 

1 Cannan, R. K., personal communication. 

* The buffered saline solution (pH 6.9) was prepared as follows: a stock solution 
containing 35.0 gm. of KzHPO, and 13.5 gm. of KH2PO, was dissolved in a liter 
of water; 8.2 gm. of NaCl and 66 ml. of the stock buffer solution were mixed and 


brought to a liter with distilled water. The phosphate concentration of this solu- 
tion was 0.02 m. 
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The degree of hemagglutination was determined by the following pro- 
cedure: 1 ml. of washed cells and 3.5 ml. of the buffered saline were mixed 
in a 25 ml. Erlenmeyer flask; 0.5 ml. of the agglutinin-containing solution 
was added with continuous shaking. Shaking is essential for reproducible 
results. A control tube was prepared in which saline was substituted for 
the agglutinin solution. The mixture was transferred to a 10 X 100 mm. 
test-tube, which was plugged with a cellophane-covered rubber stopper, 
The tubes were placed in specially constructed racks which were rotated 4 
times a minute at room temperature for 30 minutes, when the tubes were 
immersed in ice water for 10 minutes and the contents filtered through 
Whatman No. 2 paper in the cold room. This procedure was found neces- 
sary for constant results, since large variations in the number of filtered 
cells were encountered if filtration was done at room temperatures. The 
filtrate containing the unagglutinated red cells was brought to room tem- 
perature and 1 ml. was added to 5 ml. of a saponin solution (0.05 per cent). 
The color intensity of the hemolyzed solutions was read in a Klett-Summer- 
son colorimeter with Filter 54. All determinations were done in duplicate. 
A straight line relationship is obtained between the degree of hemagglutina- 
tion with varying amounts of agglutinin. 

In order to test the effect of proteins’ and other materials on hemaggluti- 
nation, a standard procedure was adopted in which these materials were 
first dissolved in buffered saline and varying quantities were incubated with 
the diluted red blood cell suspension for 10 minutes. Inconsistent results 
were obtained with shorter incubation periods. The buffered saline pre- 
vented any appreciable change in pH which might be caused by the addi- 
tion of protein and other material. 

Human red blood cell stroma was prepared by a procedure described by 
Bernstein et al. (5). The dried stroma was first ground in a mortar, then 
suspended in physiological saline and treated for 2 minutes in a Waring 
blendor, run at top speed in the cold. The suspension was centrifuged at 
very low speeds for a few minutes and stroma particles of uniform size were 
present in the supernatant. These suspensions were prepared daily. In 
order to determine the degree of stroma agglutination, the routine pro- 
cedure finally adopted was as follows: 3 ml. of stroma suspension, | ml. of 
agglutinin-containing solution, and 1 ml. of a solution containing the test 
material or saline were rotated for 15 to 30 minutes and centrifuged at high 


* The human plasma fractions obtained from the Department of Physical Chem- 
istry, Harvard University, were prepared by ethanol precipitation. The rat and 
goat fractions were prepared in this laboratory (3,4). Crystallized bovine albumin 
was obtained from the Armour Laboratories and the concentrated commercial 
albumin manufactured by the Cutter Laboratories was purchased on the open 
market. 
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speed. The supernatant was discarded. To the packed stroma, 2 drops 
of asaline-eosin solution were added and the mixture was well stirred. The 
suspension was diluted 20 times with saline-eosin in a white cell pipette and 
the agglutinated particles were counted in a counting chamber. Occasion- 
ally large clumps of agglutinated stroma were formed, which were respon- 
sible for unreliable results. 

To obtain lymphocytes, the thymus of a 60 day-old rat was teased while 
suspended in cold saline. The saline suspension of the tissue was filtered 
through muslin and the white cells were obtained in the filtrate. The cells 
were diluted so that the mixture contained from 500 to 1000 white cells 
pere.mm. The lymphocyte suspension (4 ml.) was incubated with agglu- 
tinin (1 ml.) and the test material for 30 minutes. The non-agglutinated 
cells were counted and the percentage agglutination was calculated from a 
control lymphocyte-saline suspension. 


Results 


Effect of Piasma and Plasma Fractions on Agglutination of Human Red 
Blood Cells by Castor Bean Agglutinin—Representative data are plotted in 
Fig. 1, A for human plasma and several of its fractions which inhibit hem- 
agglutination. A potent antiagglutinin factor is present in Fractions IV-1, 
IV-4, and II+ III; small amounts of these protein fractions are capable of 
preventing hemagglutination almost completely. Whole plasma and a 
commercial 25 per cent albumin solution (Cutter) are also effective anti- 
agglutinins. 

The Cutter albumin solution contains approximately 95 per cent albu- 
min. According to electrophoretic analysis, the proteins of the Cutter 
product used consist of 95 per cent albumin and small amounts of various 
globulins. In experiments discussed below, it will be seen that crystalline 
human plasma albumin has little effect or increases the extent of the agglu- 
tination. The acetyltryptophan, which is used as a stabilizing agent in the 
Cutter albumin, has no effect on hemagglutination. It, therefore, follows 
that the agglutinin-inhibitor is associated with one or more of the globulins 
which are present as impurities. 

Rat plasma and several of its fractions act as antiagglutinins for human 
red cells (Fig. 1, B). Comparatively large amounts of rat plasma proteins 
are necessary to inhibit hemagglutination. Fraction IV-4 is the most 
potent antiagglutinin. 

Crystalline human and bovine albumin and electrophoretically pure goat 
albumin do not influence hemagglutination. In the presence of relatively 
large amounts of the albumin (6 to 20 mg.), there is a gradual enhancement 
in the percentage agglutination. These findings are characteristic of mix- 
tures in which the control percentage agglutination is relatively low. When 
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the control percentage hemagglutination is at 60 per cent or over, addition 
of albumin causes a slight decrease in the percentage agglutination. 
Effect of Casein, Acacia, Sodium Nucleate, and Gelatin on Human Red 
Blood Cell-Agglutination Mixture (Fig. 2)—Casein (Labco) and acacia exert 
an inhibitory effect on hemagglutination. The results for casein are similay 
to those obtained for Fraction II (Fig. 1, A). The magnitude of these 
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Fic. 1. Effect of human (A) and rat (B) plasma and plasma protein fractions on 


hemagglutination. 


changes depends on the initial degree of hemagglutination. Relatively 
small amounts of the nucleate are markedly effective in increasing the per- 
centage agglutination. Gelatin is the most effective protein, in terms of 
nitrogen content, in enhancing hemagglutination. 

Control experiments were conducted to determine whether the various 
test substances alone caused clumping of red cells. Under the conditions 
of these experiments, the red cells were not affected. 

Effect of Albumin on Agglutination and Hemolysis of Rat Red Blood Cells 
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(Table 1)—Red blood cells of the rat are unsatisfactory for hemagglutina- 
tion studies because of their marked fragility in saline. It was found that 
hemolysis could be minimized by goat, bovine, human, and Cutter albu- 
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Fic. 2. Effect of casein, acacia, nucleate, and gelatin on hemagglutination 


TABLE I 


Effect of Various Types of Albumin on Agglutination and Hemolysis of Red Blood 
Cells of Rat 


3.5 ml. of buffered saline containing 3.5 mg. of albumin were mixed with 0.5 ml. of 
agglutinin solution; 1 ml. of diluted rat red cells was added and the mixture treated 
scording to the regular procedure. The red cells were washed and diluted with 
buffered saline containing 0.1 per cent of the respective albumin. These experiments 
were done on samples of the same rat red cells and run at the same time. 


Albumin Agglutination Hemolysis* 
per cent per cent 
Goatt . - a 82 3 
Bovine . . 78 5 
Humant. ee 69 6 
Cutter... .. oe oe 22 10 
None....... a rer oe 33 


* The degree of hemolysis was determined in the supernatant of the centrifuged 
red cell filtrates. 
t Electrophoretically pure or crystalline. 


mins. The percentage agglutination in the presence of 0.1 per cent of goat, 
bovine, and human albumins does not differ greatly. The globulins of the 
Qutter product are responsible for marked inhibition. 

Effect of Sequence of Mixing Components—In the method adopted for 
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determining the degree of hemagglutination, human red cells are added ty 
solutions of the test substances and the agglutinin solution is added. When 
the sequence is varied by adding the red cells last, both Fraction IV-4 and 
casein are responsible for a greater inhibition of hemagglutination. The 
order of mixing has no effect in those experiments in which crystalline 
human albumin, nucleate, gelatin, or acacia is added. 

Red Blood Cell Stroma-Agglutinin Reaction—Agglutinin undoubtedly re- 
acts with or is adsorbed on one or more constituents of the red cell to cause 
agglutination. To study one phase of this problem, a mixture of stroma 
and agglutinin is incubated, the stroma is removed by centrifugation, and 
the amount of the agglutinin remaining in the supernatant is determined 


390— 
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Fig. 3. Effect of incubating red blood cell stroma with varying amounts of ag 
glutinin as determined by the degree of hemagglutination in the stroma-free super 
natant. 
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by the degree of hemagglutination. The results of three experiments in 
which the amounts of agglutinin and stroma were varied are shown in 
Fig.3. The three curves differ in shape, owing to the large variation in the 
amount of agglutinin present. It is clear that stroma removes appreciable 
amounts of agglutinin. Traces of agglutinin appear to be present even 
after incubation with large amounts of stroma. These data do not offer 
_an explanation for the mechanism of agglutination but they do indicate 
that the red blood cell stroma reacts with or is affected by agglutinin. . 
The above evidence indicates that stroma and agglutinin probably form 
a complex. The dissociation of the stroma-agglutinin complex was studied 
by extracting it at different hydrogen ion concentrations and determining 
the agglutinin content of the extracts. The agglutinin appears to be firmly 
bound by stroma between pH 5.2 and pH 7.7, since none is extracted at 
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these hydrogen ion concentrations. Relatively high acidic and basic con- 
ditions are necessary to dissociate the stroma-agglutinin complex. 

Agglutination of Stroma—During the course of the experimental work 
with stroma, it was observed that this material was readily agglutinated by 
the castor bean agglutinin. In order to study this phenomenon quantita- 
tively, varying amounts of agglutinin were added to constant amounts of a 
special preparation of stroma of uniform size and the mixture was rotated; 
the clumps of agglutinated stroma were counted. A progressive increase in 
the percentage agglutination is obtained with increasing amounts of ag- 
glutinin. 

Fraction IV-4 does not completely inhibit stroma agglutination despite 
the presence of relatively large amounts of this fraction (10 mg.). It ap- 
pears that factors other than those present in stroma are involved in the 


TaBLeE II 


Agglutination of Lymphocytes in Presence of Crystalline Human Plasma Albumin, 
‘Cutter’? Albumin, and Human Fraction IV -1 





Per cent agglutination Per cent agglutination 

Agelutinin | Albumin, 10 mg. Agglutinin i 
Control - —— Control — — 
Crystalline Cutter | ae 
7N 1N 

0.20 81 73 19 0.03 25 8 
0.25 | 82 77 31 0.11 34 13 
0.33 87 84 41 0.14 43 13 
0.40 92 86 44 0.20 63 | 13 
0.45 92 88 46 0.33 79 25 


agglutination of red cells, since the latter are extremely sensitive in the 
presence of this fraction. The effect of crystalline human and bovine 
plasma albumin on the agglutination of stroma is similar to that observed 
with red blood cells. 

The influence of agglutinin on agglutination of stroma may be determined 
quantitatively between pH 6.9 and 7.7. Marked clumping is seen at lower 
hydrogen ion concentrations, while more alkaline reactions cause inhibi- 
tion, 

Agglutination of Lymphocytes (Table I1)—Lymphocytes of rat thymus 
are very sensitive to the castor bean agglutinin. According to the control 
data, extremely small amounts of agglutinin have a marked agglutinating 
efect on lymphocytes of rat thymus. The crystalline albumin has prac- 
tically no effect on agglutination, while the commercial Cutter product has 
at inhibitory effect. Fraction IV-1 is an effective inhibitor of lymphocyte 





ee 
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agglutination. These results show that inhibitors of red blood cell aggluti- 
nation are also effective for lymphocytes. 


SUMMARY 


Procedures are presented for quantitatively determining the agglutina- 
tion of red blood cells, red blood cell stroma, and lymphocytes by castor 
bean agglutinin. 

The agglutination of human red cells is inhibited by (a) human plasma 
and plasma protein fractions, particularly Fractions IV-1 and IV-4; () 


commercial concentrated albumin solutions; (c) rat plasma and several of TI 
its protein fractions; and (d) casein and acacia. Hemagglutination is not acid 
affected or is slightly increased by crystalline human and bovine albumin inclu 
and electrophoretically pure goat and rat albumin. this 
Sodium nucleate and gelatin increase the degree of hemagglutination. hor; 
Agglutination of rat red cells is inhibited by rat plasma and its globulin- have 
rich fractions. Hemolysis is prevented by small amounts of pure plasma the I 
albumins. Re 
The sequence of mixing agglutinin, red cells, and test materials may in- doxal 
fluence the degree of hemagglutination. of th 
Red cell stroma removes agglutinin from solution and is readily aggluti- the 1 


nated at the same time. The stroma-agglutinin complex appears to be data 
stable between pH 5.2 and 7.7. This agglutination is inhibited by Frac- whic} 


tion IV-4 and not influenced by albumin. activ 
Lymphocytes of rat thymus are readily agglutinated. Fraction IV-1 and prep 
commercial plasma albumin inhibit agglutination. it ha 
The evidence presented in this paper does not permit any postulation ot the ¢ 
the mechanism of agglutination. It. 
| test t 
The authors are indebted to Caroline Ball and Barbara S. Willets for | ident 
technical assistance. posse 
furnis 
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CODECARBOXYLASE NOT PYRIDOXAL-3-PHOSPHATE 


By W. W. UMBREIT 
(From the Merck Institute for Therapeutic Research, Rahway, New Jersey) 
anp I. C. GUNSALUS 


(From the Department of Bacteriology, Indiana University, Bloomington) 


(Received for publication, January 22, 1949) 


That pyridoxal, in a phosphorylated form, is the coenzyme of amino 
acid decarboxylases (1-4) has been well established. Other enzymes, 
including transaminase (5, 6), have also been found to be activated by 
this compound. The coenzyme has been prepared by chemical phos- 
phorylation of pyridoxal and purified as the barium salt, whose properties 
have been reported (7). Because the method of synthesis did not reveal 
the location of the phosphate, its position on the molecule was not specified. 

Recently reports have been published which state that synthetic pyri- 
doxal-3-phosphate, in the form of the crystalline acetal, is the coenzyme 
of the amino acid decarboxylases (8-10), although it lacks activity for 
the transaminases (11). We have previously (12) called attention to 
data which demonstrate that the barium salt of pyridoxal phosphate 
which we had prepared and purified (7) exhibited much greater coenzyme 
activity per unit weight than did a sample of pyridoxal-3-phosphate acetal 
prepared and characterized by Heyl, Harris, and Folkers (13).1. However, 
it has again been claimed (14) that the pyridoxal-3-phosphate acetal is 
the coenzyme of amino acid decarboxylases. 

It appeared that the best way to settle the difference of opinion was to 
test the compounds in question with a single enzyme preparation under 
identical conditions and thus let the enzyme decide which compound 
possessed the greater activity. For this purpose Professor Karrer kindly 
lunished us a sample of the crystalline pyridoxal-3-phosphate acetal 
prepared by Karrer and Viscontini (8), to be tested along with the pyri- 
doxal-3-phosphate acetal prepared by Heyl, Harris, and Folkers (13) 


) and the pyridoxal phosphate barium salt of unspecified structure which 


we had prepared (7). 

The data in Table I show that for tyrosine decarboxylase enzyme 1 
ng. of barium salt of pyridoxal phosphate prepared by us is equivalent 
inactivity to 1130 mg. of pyridoxal-3-phosphate acetal prepared by Karrer 
and Viscontini and to 1740 mg. of the pyridoxal-3-phosphate acetal pre- 


| pared by Heyl, Harris, and Folkers (with use of values approaching Qco, 


‘Kindly supplied by the Research Laboratories of Merck and Company, Inc. 
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= 120, which is the most accurate portion of the assay curve). Since our phe 
preparation of the barium salt contains only 32 per cent bound pyridoxal onl 
(7), whereas the 3-phosphate acetal contains 59 per cent (11), on a molar | 40 


basis our barium salt is 2000 and 3000 times more active than pyridoxal- 
3-phosphate. The slight activity observed in the pyridoxal-3-phosphate 
preparations may result from a small amount of transphosphorylation, 1. 
either chemical or enzymatic, or possibly represent a small degree of re- 


2. 
TABLE I 3. 
Activity of Pyridozal Phosphate Preparations in Tyrosine Decarbozylation 4, 
5 
Sample “ae _ | Qco, tyrosine 
Y 7. 
Barium salt of pyridoxal phosphate (Sample 50-4, Gun- None 24 
salus et al. (7)) 0.0564 300 . a 
| 0.0376 264 9. 
0.0188 208 10. 
0.0136 126 ll. 
0.0094 90 12. 
0.0037 | 42 13. 
Crystalline pyridoxal-3-phosphate acetal prepared by | 150 276 
Karrer and Viscontini (8) | BS 120 14 
1.5000 60 15 
0.1500 24 
| 0.0150 24 
0.0015 24 
Pyridoxal-3-phosphate acetal prepared by Heyl, Harris, | 230 222 
and Folkers (13) 23 120 
2.3000 48 
0.2300 18 


ilies in aes ah ictal { 


The rate of tyrosine decarboxylation was determined with 1 mg. per cup of a 
vacuum-dried preparation of Streptococcus faecalis R grown in the absence of mem- 
bers of the vitamin Bs group (15) essentially as previously described (2) except that 
the measurements were made at 37° and the interval from 5 to 20 minutes after the 
addition of tyrosine was used to calculate the Qco,. 


placement of function. The latter seems unlikely in view of the lack of 
activity of 3-phosphate with the enzyme preparation used previously (12). 
In any event, it seems evident that pyridoxal-3-phosphate is not the 
coenzyme of tyrosine decarboxylase. 


SUMMARY 


A comparison of the activity in stimulating tyrosine decarboxylase of 
pyridoxal-3-phosphate prepared by: Karrer and Viscontini, the pyridoxal- 
3-phosphate prepared by Heyl, Harris, and Folkers, and the pyridoxal | 
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phosphate of unspecified structure which we had prepared shows that 
only the latter has marked activity. Therefore it is evident that pyri- 
| doxal-3-phosphate is not the coenzyme of tyrosine decarboxylase. 
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THE METABOLISM OF PARENTERALLY ADMINISTERED 
AMINO ACIDS 


I. GLYCINE* 


By PHILIP HANDLER, HENRY KAMIN,? ann JEROME 8. HARRIS 


(From the Departments of Biochemistry and Pediatrics, Duke University School of 
Medicine, Durham, North Carolina) 


(Received for publication, November 22, 1948) 


A considerable body of information has been accumulated concerning the 
metabolism of amino acids in vitro. However, virtually no information is 
available concerning the capacity of the mammalian organism to metabolize 
individual amino acids or mixtures thereof, although such data should be 
of interest both for comprehension of the pathways of amino acid me- 
tabolism and for the formulation of amino acids mixtures for clinical use. 
The experiments reported herein are the first of a series of such studies now 
in progress. 

Woodyatt and his colleagues (2-5), and numerous investigators since, 
studied the metabolism of glucose by measuring the rate of intravenous 
infusion at which it became possible to attain a steady state, viz. a constant 
blood glucose concentration. This approach is not feasible for amino 
acids, since virtually no renal threshold exists and, in addition, the rate of 
entry of amino acids into cells is variable and, in the case of skeletal muscle 
cells, quite slow. Therefore, in the present studies, whenever a single 
amino acid is considered, the rate of urea formation is regarded as equivalent 
to the rate of amino acid metabolism. The technique of constant rate 
intravenous infusion at rates sufficient to saturate deaminating mechanisms 
has been used. Since the primary purpose of the present work was to 
establish conditions whereby rates of metabolism may be studied, the 
methods are described in detail. Accessory findings, not directly related 
to the study of rates of metabolism, are also reported, since these are 
necessary for the evaluation of the other metabolic data. 

Glycine was the first amino acid selected for study. The data obtained 
are to serve as reference points in studies of the metabolism of other amino 
acids and combinations thereof which are now in progress. 


*A preliminary report of this work has been published (1). 

{The data presented herein were taken, in part, from a thesis submitted by 
Henry Kamin to the Graduate School of Duke University in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy. 
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EXPERIMENTAL 


Female mongrel dogs, weighing from 5 to 15 kilos each, were used 
throughout the study. They were maintained on a mixed stock diet 
which they were allowed to eat ad libitum. All dogs were anesthetized 
with dial (diallylbarbituric acid, Ciba) or nembutal (sodium pentobarbital, 
Abbott), the level of anesthesia being maintained on as light a plane as 
was commensurate with the prevention of undue activity. When it was 
necessary to sacrifice control dogs for the purpose of obtaining tissue 
specimens, rapid ether administration was used. 

Blood samples were obtained by venipuncture, usually of the jugular 
vein, except for postmortem blood, which was obtained by heart puncture, 
Urine was obtained by means of an indwelling catheter, the bladder being 
rinsed thoroughly at each collection. 

The glycine solutions, which were delivered into the radial vein, varied 
in concentration from 2 to 9 per cent. Glucose solutions ranged in concen- 
tration from 5 to 15 per cent, and sodium chloride and sodium sulfate, when 
infused to induce diuresis, were administered as 0.45 and 1.5 per cent solu- 
tions, respectively. An amount of sodium chloride such as to make the 
final concentration 0.3 per cent was added to all solutions to replace possible 
salt loss accompanying diuresis. Solutions were usually infused by gravity 
from a previously calibrated 700 ml. graduated Pyrex infusion bottle 
equipped with a Murphy drip; the rate of flow was controlled by a tunnel 
clamp. In experiments in which constancy of rate of infusion was critical, 
an electrically driven constant rate intravenous pump was used. 

Analytical Methods—All blood analyses, unless otherwise stated, were 
performed upon plasma, which was separated and deproteinized immedi- 
ately after collection. Urine specimens were acidified to pH 2 to 3 with 
18 N sulfuric acid and preserved with toluene. 

Tissue filtrates for a-amino N determinations and microbiological deter- 
mination of specific non-protein amino acids were prepared by grinding the 
tissue in a Waring blendor with the appropriate protein precipitant, heating 
to 70-80° on a steam bath, and filtering while hot. 1 per cent picric acid 
was used for the preparation of filtrates for a-amino N determination; 
freshly prepared 1 per cent tungstic acid was used for microbiological 
amino acid analysis. Rat livers were deproteinized immediately upon 
removal, while tissue specimens from dogs were frozen rapidly in dry ice 
and acetone and stored at —5° to —8° until analyzed. 

Since in most cases glycine constituted by far the greatest fraction of the 
total a-amino N determined, it was necessary to perform blood and urine 
analyses under conditions which would insure maximum recovery of that 
amino acid. The procedure of Hamilton and Van Slyke (6) for the deter- 
mination of a-amino N in plasma was found to be directly applicable, with 
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glycine recoveries of 95 to 97 per cent of the theoretical being obtained. 
The urine procedure of Van Slyke et al. (7), however, gave only 70 to 80 
per cent of the theoretical yield from glycine. This procedure was there- 
fore modified by heating in the presence of ninhydrin for 20 minutes at pH 
4.7 instead of 10 minutes at pH 2.5. Glycine recovery under the modified 
conditions was 93 to 95 per cent of theoretical; however, normal control 
urines analyzed under these conditions gave considerably higher results, 
often as much as 100 per cent higher than under the conditions of Van 
Slyke et al. (7). 

For determination of plasma urea N, a spectrophotometric modification 
of the method of Karr (8) was employed. Since excess tungstate precipi- 
tated and inactivated urease, protein-free plasma filtrates were prepared 
with one-half the quantities of tungstate and acid recommended for whole 
blood. Urine urea N was determined by incubation of aliquots of permutit- 
treated urine with buffer and urease, followed by direct nesslerization. 
Results by this method showed consistently good agreement with the 
aeration-titration method of Van Slyke and Cullen (9). All colorimetric 
determinations were performed with a Coleman junior spectrophotometer. 

Plasma non-protein nitrogen determinations were performed by a spec- 
trophotometric modification of the Koch-McMeekin method (10), and 
urine total nitrogen determinations were performed by a macro-Kjeldahl 
procedure. 

Microbiological amino acid determinations, except for glycine and glu- 
tamic acid, were performed by the method of Stokes et al. (11), with sodium 
citrate employed as the chief buffer salt in place of sodium acetate. L- 
Leucine was employed instead of synthetic pL-leucine, since it was found, as 
previously noted by Hegsted and Wardwell (12), that synthetic leucine 
contained significant quantities of isoleucine. Glycine was determined mi- 
crobiologically by the method of Shankman etal. (13), and glutamic acid by 
the method of Dunn et al. (14). All samples were adjusted to pH 6.8 
before addition to the basal medium, and final assay was performed by 
electrometric titration to pH 6.8 after a suitable incubation period. Urine 
samples were analyzed microbiologically with no treatment other than di- 
lution and adjustment of the pH; protein-free filtrates of plasma for micro- 
biological assay were prepared by the method of Hier and Bergeim (15). 

Determination of extracellular fluid volume was made by intravenous 
injection of 20 mg. per kilo of body weight of sodium thiocyanate and 
measurement of plasma thiocyanate concentration after an equilibration 
period of at least 1 hour. Thiocyanate determinations were performed by a 
spectrophotometric modification of the method of Barker (16). The rela- 
tive concentration of thiocyanate in tissues and plasma was used as a 
measure of extracellular fluid volume in tissues. 
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Total body water was considered to be 70 per cent of body weight: 
deviations from the initial body water content during the course of the 
experiment were calculated by adding the difference between fluid intake 
and urine output to the initial calculated water volume. The total body 
urea N content was calculated by multiplying the plasma concentration 
in mg. per liter by the liters of body water. The total a-amino N in 
extracellular fluid was calculated by similarly multiplying plasma a-amino 
N concentration by the extracellular fluid volume. 

Plasma and urine inorganic P was determined by the method of Fiske 
and Subbarow (17), chloride by the method of Van Slyke and Hiller (18), 
and plasma carbon dioxide-combining capacity by the method of Van 
Slyke and Cullen (19). 


Results 


Toxicity of Glycine—Glycine infused at rates higher than 1 mg. of N 
per kilo per minute was invariably found to be lethal, but after varying 
periods of time. The time was inversely proportional to the rate of admin- 
istration, so that toxicity depended upon the total dosage, rather than 
upon the duration of the infusion. At or below this apparently critical 
rate, the toxicity of glycine was variable; of twelve animals infused with 
glycine, or glycine plus glucose, at a rate of about 1 mg. of N per kilo per 
minute, eight expired after receiving doses of 360 to 1301 mg. of N per 
kilo (average, 774), and four survived doses ranging from 703 to 1970 mg. 
of N per kilo (average, 1212). The relationship between rate of glycine 
administration and time, dosage, and other factors with which correlation 
was attempted is illustrated in Table I. 

As can be seen from Table I, glycine toxicity can be correlated better 
with total dosage than with any other quantity listed. It should be noted 
at this point that the fluid intake accompanying glycine infusion bore no 
quantitative relationship to toxicity; there were no deaths among a group 
of controls infused with comparable quantities of glucose, sodium chloride, 
and sodium sulfate solutions. Since, as will be seen further, the maximum 
rate of urea formation from glycine is of the order of 0.8 mg. of N per kilo 
per minute, it is possible that the variations in glycine toxicity in the 
neighborhood of that rate of administration may be related to that finding. 

In all cases, although the time interval between the appearance of 
characteristic symptoms and the death of the animal varied, the pattern 
of symptoms was quite consistent and could readily be recognized by 
observers. The first sign of toxicity was usually nausea and vomiting. 
It is not believed that this symptom is entirely specific, since it was occa- 
sionally observed in control animals. Nausea and vomiting had been 
observed by other workers (20-23), but in their experiments, this symptom 
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disappeared and recovery ensued upon the discontinuation of the infusion. 
It must be presumed, therefore, that this symptom occurs during a reversi- 
ble stage of glycine intoxication and is a forerunner rather than an integral 
part of the irreversible syndrome to be described. 

At varying intervals after the appearance of nausea and vomiting, 
respiration became slower and more abdominal in character. As time 
progressed this change became more marked until, near the end, respiration 


TABLE I 
Quantitative Aspects of Glycine Toxicity 


The results are averages of the determinations performed. The figures in paren- 
theses refer to the range. 


Varying rates Medium rate 








(3 dogs) (7 dogs) High rate (2 dogs) | Low rate* (4 dogs) 

Rate of adminis- | 1.4-5.1 | 2.9 | 7.75 | 0.95 
tration, mg. N | | @.7-8.1) | (7.7-7.8) (0.84-1.1) 
per kg. per min. | | 

Time until death | 225 242 91 | 1052 
or terminal (216-236) | (138-236) (83-99 ) (775-1301) 
symptoms, min. | | 

Glycine N in- 592 685 689 1026 
fused, mg. per | (476-691) (400-910) (605-772) (697-1310) 
kg. 

Glycine N accu- | 126 92t 105 23 
mulated in cells,| (122-128) (70-121) (94-116) (0-89) 
mg. per kg. | 

Plasma a-amino N,| 73 | got | 184 22 
terminal, mg. % | (59-83 ) (51-135) (124-144) (12-33) 

Urea N formed, 188 233f 67 949 
mg. per kg. | (157-229) (142-395) (49-84) (519-1270) 

Liver a-amino N, 127 | 147§ 58§ 
mg. per 100 gm. (88-145) 





* Includes only those dogs for which complete data were available. 
t Four dogs. 

t Five dogs. 

§ One dog. 


consisted of occasional convulsive gasps, with marked contraction of the 
diaphragm and abdominal muscles, alternating with prolonged periods of 
apnea. Cyanosis, hypothermia, and oliguria or anuria marked this 
terminal stage. Once respiratory changes had been noted, discontinuation 
of the infusion and the administration of coramine, metrazol, or adrenalin 
failed to produce recovery. The interval between the appearance of 
respiratory distress and the death of the animal varied between several 
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minutes and 2 or 3 hours. However, several animals expired quite 
suddenly. 

Throughout this terminal period, heart action appeared to remain 
normal, and did not cease until after complete respiratory failure. Upon 
autopsy, the heart was found to be in complete diastole; other than this, 
no gross abnormalities were evident. 

The most obvious biochemical changes during this terminal period were 
of renal origin which, in turn, may have been secondary to anoxia. There 
was oliguria, a drop in the renal clearance of all substances measured, and 
a corresponding increase in their plasma concentration. There were, how- 
ever, some metabolic manifestations apparently not related to renal failure, 
Thus, there were a decrease in the rate of urea formation and an accelera- 
tion of the rise in blood glucose. The latter cannot be ascribed to renal 


TABLE II 
Biochemical Manifestations of Glycine Toxicity 
Dog 6; weight, 15.9 kilos; glycine infusion rate, 2.9 mg. of N per kilo per minute; 
fluid infusion rate, 0.39 ml. per kilo per minute. 


Plasma, mg. per cent Urine Renal clearance, ml. per min. 


| 


: flow, ml 
Period No. | Time 7 na | ; si —— 
—— Uses N oa bo | ee — a 
min. ; on | 7 

Control 61 4.55/ 10.1 | 0.01 | 2 | 1 | 4.6 
2 | 46 | 29.5 | 13.2 | 0.096 | 39 | 22 | 2 
3 | 42 | 39.4 | 16.7 | 0.41 47 | 39 | 37 
4 | 51 | 49.2 | 18.2 | 0.40 | 43 | 36 | 19 
5 | 47 | 58.6 | 19.8 | 0.44 43 | 34 | 16 
6 38 | 69.0 | 23.8 | 0.42 | 36 | 28 8.6 
T | 81.6 | 


erminal | 24 25.0 


0.35 23 | 20 7.9 
retention of glucose, since glycosuria did not occur in these animals. It 
may, however, have been secondary to anoxia. Some of the changes oc- 
curring in a typical animal are summarized in Table II. Changes in blood 
glucose and inorganic P concentration of the same animal are recorded in 
Fig. 2. 

Several experiments were performed in an effort to protect the animal 
against glycine toxicity. Since glycine toxicity might have been due to 
depletion of the body of essential metabolites rather than to direct toxicity 
of glycine or its oxidation products, three dogs were fed vitamin supple- 
ments for 1 week prior to the experiment, and a mixture of B vitamins and 
ascorbic acid was added to the infusion fluid. Two of these dogs were in- 
fused with glycine at rates of 0.85 and 1.0 mg. of N per kilo per minute; one 
of these expired after receiving 471 mg. of N per kilo and the other after 
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9140 mg. of N per kilo. The third dog received glycine at the rate of 2.5 
mg. of N per kilo per minute and expired after the infusion of 610 mg. of 
N per kilo. In view of the variability of toxicity at the lower rates of gly- 
cine infusion, these results are not considered to show significant protec- 
tion. 

Six dogs were infused at varying rates with glycine solutions to which 
equal amounts of nitrogen as an enzymatic casein hydrolysate! were added. 
Of two dogs receiving this solution at about 1 mg. of glycine N per kilo 
per minute, one expired after 828 mg. of glycine N per kilo, and the other 
survived the infusion of 1750 mg. of glycine N per kilo. Two dogs re- 
ceiving glycine-casein hydrolysate solution at approximately 2 mg. of gly- 
cine N per kilo per minute survived, respectively, 1670 and 1350 mg. of 
glycine N per kilo. When this solution was infused at rates of 4 mg. of 
glycine N per kilo per minute into two dogs, the experiment was compli- 
cated by an almost immediate marked negative water balance and profound 
dehydration of the animals. One expired after receiving 570 mg. of glycine 
N per kilo; the other survived 1302 mg. of glycine N per kilo. Thus, three 
of four dogs, receiving glycine-casein hydrolysate solutions at rates of 2 mg. 
of glycine N per kilo per minute or higher, survived the infusion. In view 
of the fact that among a total of eight dogs receiving, at comparable rates, 
glycine alone, or supplemented with glucose or vitamins or both, none sur- 
vived a dose greater than 910 mg. of N per kilo (average lethal dose, 760 
mg. of N per kilo); these experiments probably indicate significant pro- 
tection. 

Rate of Utilization of Glycine—Measurement of blood urea concentration 
alone, or urinary excretion alone, is not sufficient for the determination of 
total urea production and may lead to grossly erroneous results. Only 
Kiech and Luck (24), who measured changes in total carcass urea in rats, 
and Kirk (25), who calculated urea formation on the basis of total body 
water, have made valid measurements of total urea production from gly- 
tine in other than long term feeding experiments. Neither of these experi- 
ments was designed to measure maximum urea formation rates from gly- 
cine. 

In the course of this study, it was established that the maximum rate of 
urea formation from glycine is approximately 0.8 mg. of N per kilo per min- 
ute. The relationship between glycine administration, the rate of dis- 
appearance of glycine from extracellular fluid, and urea formation is sum- 
marized in Table III. In Experiments 1 to 3, the glycine was infused first 
at alow rate and later at higher rates. However, it will be seen that the 
maximum rate of urea production from glycine could be attained at the low 
tates of administration, providing this rate exceeded 1 mg. of N per kilo 


‘Amigen, Mead Johnson and Company. 
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per minute. Drastic increases in the rate of administration failed to elicit 
a rise in the rate of urea production; on the contrary there was some eyi- 
dence of actual impairment of this process as indicated in Experiments 4. 
5, and 10. 

Effects of Glycine Infusion upon Nitrogen Balance—Two conditions must 
be attained in order to evaluate the relationship between glycine metabo- 


TaBLeE III 


Rate of Disappearance of Glycine N from Extracellular Fluid and Rate of Urea N 
Formation from Glycine at Varying Rates of Glycine Administration 


The results are expressed in mg. of N per kilo per minute. 


Disappearance 





Experiment Glycine ad- | of glycine* Urea formation} 
No. | ministration | from extracel- | from glycine 
| | lular fluid | 

Varying rates 1 0.91 0.85 0.41 
3.1 | 2.2 0.85 
5.5 | 2.0 0.75 
2 1.2 1.0 0.75 
| 3.1 1.6 0.75 
6.2 2.4 0.65 
3 2.2 tae 0.40 
3.5 1.5 0.50 
Low rates 11 1.03 0.97 0.95 
12 0.99 0.73 0.73 
13 0.91 0.86 0.87 
Medium rates | 6 2.9 1.5 0.65 
7 2.8 1.6 1.05 
8 | 3.1 1.9 1.15 
10 2.7 0.79 0.18 
Rapid rates 4 7.9 1.8 0.45 
5 7.0 2.4 0.65 


* Calculated as mg. of N administered minus (mg. of glycine N excreted + mg 
of glycine N accumulated in extracellular fluid). This figure therefore represents 
that portion of the N administered which has entered cells, no matter what is its sub- 
sequent fate. 

¢ Total urea N formation minus the average urea N formation of fasted con- 
trols. 


lized and urea formed. First, the rate of urea production must be sufli- 
ciently high, so that variations in basal rate of urea formation would not 
lead to significant errors in evaluating the increment in urea formation due 
to glycine infusion. Second, the quantity of glycine metabolized must be 
accurately known. This necessitates a rate of glycine infusion which will 
not lead to excessive accumulation within cells, as the latter figure is not 
amenable to accurate measurement. It was found that an infusion rate i0 
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the neighborhood of 1 mg. of N per kilo per minute best fulfilled these con- 
ditions. The results of these experiments are tabulated in Table IV. Only 
those experiments in which the plasma a-amino N level was relatively low 
were considered. Since, as found by previous workers (26, 27) and con- 
firmed in these experiments (cf. Table VI), the increase in glycine concen- 
tration in skeletal muscle is considerably lower than the increment in plas- 


TABLE IV 
Glycine Utilization and Urea Formation 
The figures in parentheses refer to averages for the group. 


Glycine N | Glycine N | Urea N 


” Experi- infused utilized* | formed Extra urea Extra urea 
Infusion nant Ro. Pe pe i ay @) 
gm. | gm. | gm. gm. gg 
NasSO,, 1.5% (control) DC-4 0 0 2.67 2.67 0.281 
DC-5 0 0 2.31 2.31 | 0.238 
DC-6 0 0 2.16 2.16 0.241 
DC-7 0 0 2.51 2.51 0.265 
| (0.256) 
Glycine, 1 mg. N per 11 11.84 | 10.66 | 13.43 2.77 | 0.242 
kilo per min. 12 12.95 | 8.44 | 11.89 | 3.45 | 0.280 
13 15.07 | 14.72 | 20.12 | 5.40 | 0.277 
23V. | 14.88 | 13.90 | 19.70 5.80 | 0.320 
| | (0.280) 
Glucose, 11 to 15 mg. | 13G 0 | 0 | 1.30 | 1.30 | 0.116 
per kilo per min. 14G 0 | 0 1w@ | is | 0.128 
(control) 18G 0 0 | 1.16 1.16 0.095 
| 19G 0 | O | 1.85 | 1.36 | 0.157 
| | (0.124) 
Glycine, 1 mg. N per 13GG | 13.92 | 13.53 | 13.57 | 0.04 | 0 
kilo per min. + glu- 14GG 6.45 5.87 5.97 0.10 | O 
cose, 11 to 15 mg. per 19GG 3.25 2.18 | 3.15 0.97 0.216 
kilo per min. 20GG 6.04 5.90 6.56 0.66 | 0.096 
21GG 6.05 4.38 4.41 0.03 0 
22VG 2.62 1.91 2.19 0.28 0.095 





* (Glycine N administered) — (glycine N excreted + glycine N accumulated in 
extracellular fluid + glycine N accumulated within cells). 


ma, while liver and kidney increments are the same or higher, a figure for 
total glycine accumulation in cells was calculated, empirically, as one-half 
the increment in plasma a-amino N concentration multiplied by the total 
cell volume of the animal. The total cell volume, in liters, was estimated 
as 70 per cent of the body weight expressed in kilos. Although the figure - 
obtained in this manner is rather arbitrary at low levels of plasma a-amino 
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N, even gross errors in this figure lead to but small errors in the estimation 
of the total glycine metabolized. When plasma a-amino N is greatly ele. 
vated, this method of calculation cannot, of course, be used. 

It can be seen from Table IV that, when glycine was administered to a 
fasting animal, glycine administration had no effect upon the basal rate of 
urea synthesis. No sparing effect was noted, and no acceleration of protein 
“catabolism.” When glucose was simultaneously infused in quantities suf- 
ficient to satisfy caloric requirements, the results were not as clear cut. Al- 
though some experiments indicate no effect upon the basal urea formation, 
some show a slight sparing action and others indicate that urea formation 
under these conditions is, within experimental error, equivalent to the 
amount of glycine metabolized. It can, therefore, be stated that glycine 
without glucose does not effect the basal rate of urea formation; in the pres- 
ence of glucose, a sparing action has been observed. 

Effect of Glycine upon Metabolism of Other Amino Acids—During the 
course of this study it was considered of interest to determine the effects of 
glycine upon the metabolism of other, non-protein, amino acids. To this 
end, analyses were performed to determine changes in plasma, urine, and 
tissue concentration of specific non-protein amino acids, as determined by 
microbiological techniques. 

Over the course of several experiments, all of the essential amino acids 
with the exception of phenylalanine were determined in tungstate filtrates 
of plasma collected before and after glycine infusion. Although the num- 
ber of determinations performed upon each animal was limited by the 
amount of plasma which could be safely withdrawn, determination of 
changes in plasma concentration of methionine, histidine, arginine, iso- 
leucine, threonine, leucine, and tryptophan were performed on at least two 
separate occasions. 

No significant or consistent changes in plasma concentration of these 
amino acids following glycine administration could be detected. Although, 
in several experiments, differences between initial and final samples of the 
order of 30 per cent were observed, these differences were not always present 
and, when present, occurred in either direction. Marked increases were 
observed in the excretion of other amino acids during the infusion of gly- 
cine. Table V indicates the excretion rates of certain amino acids during 
the control period, and the last complete infusion period before the appear- 


? From the data in Table VI, at increments of plasma a-amino N concentration 
no greater than 15 mg. per cent, it is highly unlikely that the error in estimating 
cellular glycine would exceed a total of 500 mg. of N per 10 kilo dog, as this is the 
total increment estimated in such a dog’s cells. In experiments of about 18 hours 
duration, such as these, this would entail a maximum error of (500 mg.)/(1000 min- 
utes X 10 kilos) = 0.05 mg. of N per kilo per minute, 
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ance of toxic symptoms, of dogs receiving glycine sufficient to elevate their 
plasma a-amino N level to 40 to 65 per cent. 

In control animals subjected to sodium chloride or sodium sulfate di- 
uresis, the increase in excretion rate of specific amino acids noted in Table 
V was not observed. In one animal, which received glycine at the rate of 1 
mg. of N per kilo per minute and which showed but slight elevation of plas- 
ma a-amino N concentration, there was no demonstrable increase in the 
rate of excretion of threonine or histidine. Another dog, receiving glycine 
at this same rate, but showing a plasma a-amino N concentration interme- 
diate between the previous animal and the dogs listed in Table V, showed 
an increase in excretion of threonine and histidine one-half to one-third 
as great as the dogs listed in Table V. 


TABLE V 
Effect of Glycine wpon Excretion of Essential Amino Acids 


The results are expressed in mg. per minute; the figures in parentheses indicate 
the range. The rate of glycine administration was approximately 3 mg. of N per 
kilo per minute; the concentration of plasma a-amino N at the time of urine collee- 
tion was 40 to 65 mg. per cent. 


Threonine Histidine Trypto- _Isoleu- Methionine 


(4 dogs) (3 dogs) Paee) | (deg) | (4 dogs) 7) ‘tau 
Control excre- 4.4 4.2 0.89 3.6 es uae 6.3 
tion (1) (2.7-6.2) (2.8-5.0) (0.9-2.7)| (5.6-7.4) 
Excretion dur- 294 227 14 52 22.2 27 
ing glycine (155-420) | (160-230) (8.4-23) (12-35) 
infusion (2) 
Ratio, (2)/(1) 67 54 | 16 14 12 4.4 


(50-89 ) (46-59) | (8.5-24) | (2.0-5.9) 


These findings indicate that the increased excretion and (in view of the 
relatively constant plasma concentration) increased clearance of the listed 
amino acids is a function of plasma glycine concentration. This is in ac- 
cord with Pitts’ concept (28, 29) that glycine inhibits the renal reabsorp- 
tion of other amino acids by competition for a common reabsorptive mecha- 
nism, 

The amino acids whose excretion rates are most markedly elevated dur- 
ing glycine administration are threonine and histidine, smaller increases be- 
ing observed for methionine, tryptophan, and isoleucine. All of the above 
amino acids are among those for which Wright et al. (30) and Russo et al. 
(31) could demonstrate no reabsorptive Ty. Arginine, for whicha 7'y had 
been demonstrated (29, 30), shows the smallest increase in excretion rate. 
Although Beyer et al. (32) claimed that they could demonstrate no compe- 
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tition between the pairs glycine and arginine, and glycine and isoleucine. 
inspection of their data reveals increases in the renal clearance of these 
amino acids of the same order of magnitude as those observed in this study. 
However, in the presence of the very high percentage reabsorptions found 
by these workers, direct measurement of reabsorption rate is not sufficiently 
sensitive to demonstrate interference of one amino acid with the reabsorp- 
tion of another. It is felt that the increases in excretion rate observed jn 
this study, as well as the increases in clearance observed by Beyer et al. (32). 
are, in themselves, evidence for the interference of glycine with the renal 
reabsorption of other amino acids. 

In this study, it was hoped that data on changes in concentration of spe- 
cific non-protein amino acids in the livers of dogs and rats might indicate 
whether or not the infusion of glycine affected the metabolism of other 
amino acids. Although the data obtained occasionally appeared to indi- 
cate a slight fall in the concentration of specific non-protein amino acids in 
the livers of dogs, and a rise of similar magnitude in the livers of rats, wide 
fluctuations in values for both control and experimental animals rendered 
the data statistically inconclusive. If such phenomena do occur they are 
transitory and of relatively low magnitude. This would seem to be com- 
patible with the failure of glycine to alter the basal rate of urea formation in 
fasted dogs. 

The above series of experiments did, however, furnish valid data for the 
relationship between the total a-amino N content of rat livers and their 
content of threonine and methionine. These data are presented in Fig. 1. 

The points in Fig. 1, each representing a separate rat liver, were ob- 
tained from rats receiving 5 per cent glucose, 1.5 per cent sodium sulfate, 
or 0.85 per cent sodium chloride intraperitoneally in six divided doses over 
a period of 2 hours. 7.5 ml. per 100 gm. of glucose solution and 16 ml. per 
100 gm. of sodium chloride or sodium sulfate were administered. Since 
no differences were observed between groups of rats receiving each of the 
above solutions, no attempt to differentiate these groups is made in Fig. |. 

Fig. 1, besides indicating the distribution of liver concentrations of non- 
protein a-amino N, threonine, and methionine in rat livers, indicates a rela- 
tive constancy of the ratio of these amino acids to the total free a-amino N 
over a wide range of a-amino N concentration. This in turn, suggests a 
constancy of the pattern of non-protein amino acids in rat liver. 

Distribution of Glycine in Tissues—In the course of these experiments, 4 
number of analyses for a-amino N content of tissues were performed for the 
purpose of ascertaining the tissue distribution of infused glycine. Since 
findings regarding the distribution of metabolites between cells and extra- 
cellular fluid can best be interpreted in terms of concentration in cellular and 
extracellular fluid water, the data in Table VI are presented in those terms. 
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From Table VI, it can be seen that, with the exception of Dogs 6 and 7, 
the increment of a-amino N in the cell water of liver was of the same order 
of magnitude as the increase in plasma concentration. The kidney incre- 
ment, although somewhat smaller, was also of the same order. Heart 
muscle cells generally showed a still smaller increase, with skeletal muscle 
the smallest. 
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Fig. 1. Threonine and methionine concentrations of normal rat livers as a func- 
tion of total a-amino acid N. 





It should be noted that the values for increases in a-amino N concentra- 
tion given in Table VI are approximations rather than exact figures, since 
they are determined by subtracting an average control figure from a figure 
experimentally obtained for the particular animal studied. Despite these 
limitations, it is felt that the conclusions reached in the previous paragraph 
are valid. Van Slyke and Meyer (26) and Friedberg and Greenberg (27) 
found that injected amino acids were concentrated in liver and kidney, and 
the conclusions reached by both groups remain valid when their data are 
recalculated in terms of concentration in cell water. In the series of ex- 
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periments reported herein, most animals showed a liver and kidney cell in- 
crement approximately equivalent to the increase in plasma concentration: 
an increase greater than the plasma increment was observed in two 
instances. Van Slyke and Meyer (26) and Friedberg and Greenberg (27) 
collected tissue samples while plasma concentration was falling, whereas the 
tissue values found in this study were obtained in the presence of rising 
plasma a-amino N concentration. It is probable that this difference in ex- 
perimental technique explains the discrepancies between these studies and 
those of the previous workers. The limited permeability of muscle cells 
for glycine previously reported (26, 27) is confirmed in these experiments, 
Data could not be found in the literature for the permeability of heart mus- 


TaBLe VI 
Increases of a-Amino N in Cell Water of Various Tissues upon Administration of 
Glycine 
The control values (mg. of a-amino N per 100 ml. of cell water) were as follows: 
liver (six dogs), average 88, range 73 to 114; kidney (2 dogs), average 130, range 127 
to 134; heart (2 dogs), average 47, range 46 to 47; skeletal muscle (2 dogs), average 
45, range 37 to 53. 





{ ‘ d ‘ ‘ 
a-Amino N per 100 ml. cell water minus average amino N in 


Dog No. ea: ional cell water of controls 
Liver Kidney Heart Skeletal muscle 
| _ — ml. | mg. mg. mg. meg. 
| on) ee 
5 —— aoe oe 136 83 52 
4 | 124 119 
7 | 89 | 147 | 126 65 27 
6 | 86 | 344 | 67 109 35 
8 | 52 | 61 | 17 45 25 
11 


27 14 


cle cells to glycine, but the values shown in Table VI indicate a permeability 
greater than that of skeletal muscle cells but smaller than that of liver and 
kidney. 

The distribution of a-amino N between the water of plasma and erythro- 
cytes is indicated in Table VII. 

From the data in Table VII it may be seen that although control values 
for erythrocyte a-amino N, as previously noted by Hamilton and Van Slyke 
(6), are considerably in excess of plasma a-amino N concentration, the 
concentration at increased plasma glycine (as a-amino N) levels is essen- 
tially the same in plasma and red cell water, indicating free permeability. 
The lag period noted by Christensen et al. (33) was not detected in this 
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study, probably because of the greater plasma glycine concentrations at- 
tained in these experiments. 

Accessory Findings—lIn order to detect the formation of any possible ni- 
trogenous intermediate other than urea formed during the metabolism of 
glycine, total N determinations were performed and “undetermined N” 
(total N minus urea N minus a-amino N) was calculated for plasma and 
urine samples of two dogs. No increases outside of experimental error were 
detected. Urine ammonia N, when measured, never totaled more than 5 
per cent of the total urea N + ammonia N. 

The excretion of extra glucose in phlorhizinized dogs following glycine 
administration has long been known (84), and the isotopic studies of Olsen, 
Hemingway, and Nier (35) have demonstrated the formation of liver gly- 
cogen from glcyine. However, little glycogen formation was noted in these 


TaBLeE VII 
a-Amino N in Red Cell and Plasma Water 
The results are expressed in mg. per 100 ml. of water. 
plasma is 92 per cent; that of red cells, 65 per cent. 
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The water content of 
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} Dog 5 Dog 6 Dog 7 | 
™ at a 
Plasma! Cell | Plasma| Cell |Plasma| Cell |Plasma| Cell | Plasma} Cell 
| H:O | HO | HO | HO | HO | HO | HO | HO | HO | HO 
' | o ee = 
Initial 4.77) 15.5 | 4.95 | 11.9 | 5.40] 11.8 | 4.26] 10.0 | 3.23 | 8.03 
During glycine |111 {106 (64 64 | 45 39 | 32 | 31 
infusion 135 {125 (89 80 | 61 59 |38 |47 [52 50 
68 | 66 | 47 | 51 
91 |93 |47 | 56 
56 | 59 
—_ —— \ — ——— 
studies, final liver concentrations ranging from 0.05 to 0.6 per cent. Shiver- 


ing, which occurred duiing the course of many of these experiments, may 
have tended to vitiate the significance of the results obtained. 

There is no agreement in the literature regarding the effect of glycine 
upon blood glucose concentration. Pollack (36) and Nord (37, 38) claimed 
hyperglycemic effects in rabbits and humans; Schenk (39, 40) states that a 
lowering of blood sugar was observed in these species, while Paasch (41) and 
Costa and Barone (42) could detect no changes in blood glucose concentra- 
tion following the administration of glycine. Crandall and Cherry (43), 
however, in well controlled experiments, observed an increase in hepatic 
glucose output following the administration of glycine to dogs. 

Fig. 2 shows that the rise in blood glucose concentration (observed in two 
typical experiments) was gradual at first but more rapid terminally. 

Similar data were usually, but not invariably, found. Dog 2, for ex- 
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ample, displayed a blood glucose level which failed to rise until shortly be. fore 
fore death. dita 

Although the data in Fig. 2 point to a definite hyperglycemic effect of = 
glycine, this hyperglycemia is not necessarily attributable to gluconeogene- gly’ 
sis from glycine. In view of the low liver glycogen values encountered, 
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Fig. 2 also illustrates the dramatic drop in plasma inorganic P concen- —-0 
tration and rise in urine inorganic P excretion during the course of glycine by: 


administration. However, similar changes were observed in dogs subjected | Som 
to sodium chloride and sodium sulfate diuresis and this effect cannot, there- 
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fore, be attributed to either glycine administration or hyperglycemia. Ad- 
ditional data obtained in these studies indicate that neither plasma CO,- 
combining capacity nor chloride concentration was consistently affected by 
glycine administration. 


This investigation was supported (in part) by a research grant from the 
Division of Research Grants and Fellowships of the National Institutes of 
Health, United States Public Health Service. The authors’ thanks are also 
due to the Duke University Research Council for its support and to Miss 
Irene Palatine, Mrs. Evelyn Kimball, and Mrs. Cortez T. Dannalls for 
technical assistance. 


SUMMARY 


1. Techniques have been devised and conditions established for the study 
of the metabolism and utilization of parenterally administered amino acids. 
Glycine was selected for this study. 

2. Glycine, administered by continuous intravenous infusion, is lethal to 
dogs in dosages ranging from about 0.4 to 1 gm. of N per kilo. The tox- 
icity of glycine appears to correlate best with total dosage, although there 
are indications that somewhat larger quantities may be tolerated at slower 
infusion rates. The mode of death and concomitant findings are described. 

3. In the dog, the maximum rate of urea formation from glycine, includ- 
ing both excretion and accumulation within body water, is about 0.8 mg. of 
N per kilo per minute. 

4. When glycine is administered over periods of 15 to 18 hours to fasting 
dogs, there is no evidence of either a sparing or an accelerating effect upon 
protein catabolism. However, when glycine is administered together with 
sufficient glucose to satisfy caloric requirements, a sparing action of glycine 
is observed. 

5. The rate of excretion of the six essential amino acids which were meas- 
ued was markedly increased during glycine infusion. The magnitude of 
this increase is dependent upon plasma glycine concentration. The ad- 
ministration of glycine causes no consistent changes in plasma concentra- 
tion of free essential amino acids. 

6. The concentration of non-protein threonine and methionine in the 
livers of rats varies directly with the total free a-amino N, indicating a con- 
stancy of free amino acid pattern. 

7. Erythrocytes appear to be freely permeable to infused glycine. In 
most cases, liver and kidney cells appear to increase in a-amino N content 
by an increment approximately equal to the rise in a-amino N. However, 
some significantly greater increases have been observed. The rise in heart 
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muscle cell a-amino N is smaller than that in liver or kidney; the smallest 32. 
increases were observed in skeletal muscle cells. 
8. During glycine infusion, plasma chloride, CO-combining capacity, - 
and plasma and urine ‘‘undetermined N”’ remain within normal limits. 34 
9. A markedly decreased plasma inorganic P concentration, accompanied 35, 
by an increased urinary P excretion, was observed in dogs receiving glycine, 36. 
sodium chloride, or sodium sulfate infusions. 37. 
10. Blood glucose concentration increases during glycine administration, 
the increase being most marked terminally. Liver glycogen concentration 40. 
is low. 41. 
42, 
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BIOCHEMICAL STUDIES OF VIRUS REPRODUCTION 


I. PURIFICATION AND PROPERTIES OF ESCHERICHIA COLI 
BACTERIOPHAGE T;* 


By FRANK W. PUTNAM, LLOYD M. KOZLOFF, ann JANICE C. NEIL 
(From the Department of Biochemistry, University of Chicago, Chicago) 


(Received for publication, December 13, 1948) 


Bacteriophages possess the fundamental properties of viruses, yet ex- 
hibit ease of assay, handling, and culture, and thus present suitable sys- 
tems for isotope tracer studies of the mode of virus reproduction and protein 
synthesis. In an investigation of this problem we have employed the 
Escherichia coli bacteriophage Ts system. This communication outlines 
methods for the growth and isolation of this phage and describes the pro- 
perties and physicochemical characterization of the purified virus. A 
following paper! discusses the chemical composition of bacteriophage Ts. 
Later articles will cover the application of isotope indicators to the study 
of the biological precursors of virus nucleic acid and protein. A pre- 
liminary report on the origin of virus phosphorus has already been pub- 
lished (2). 

Numerous biological studies on the bacteriophages attacking FZ. coli 
have recently appeared. The seven types of coliphages most commonly 
studied (Ti, T2, ...T7) were first described by Demerec and Fano (3). 
Their biological properties and their differentiation on the basis of plaque 
type, morphology, size, antigenic structure, and host range have been 
reviewed by Delbriick (4, 5). Although electron micrographs of several 
of these coliphages have been published (6-8), physicochemical charac- 
terization has thus far been meager. Only bacteriophage T; has pre- 
viously been isolated in quantity and characterized in the ultracentrifuge 


(8, 9), and electrophoretic diagrams have not yet been published for any 
of the bacterial viruses. 


EXPERIMENTAL 
Growth and Purification of Bacteriophage T's 
Materials and Methods—The E. coli bacteriophage studied in this in- 


vestigation is the wild type, strain Ter+, which produces small plaques 


* Aided by a grant of The National Foundation for Infantile Paralysis. Presented 
in part at the meeting of the Federation of American Societies for Experimental 
Biology at Atlantic City, March, 1948 (1). 

‘Putnam, F. W., and Kozloff, L. M., in preparation. 
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and causes lysis inhibition upon multiple infection of the host bacterium. 
Antigenically and morphologically it is closely related to coliphage T, 
isolated and studied by Hook et al. (8-10) and by Cohen (11, 12). Ip 
early experiments culture in nutrient broth medium was carried out with 
a strain of Ts and its sensitive host EF. coli, strain B, both received from 
Dr. M. Delbriick, California Institute of Technology.2 When it was 
found that this phage could not be grown in quantity in synthetic medium 
by the procedure of single infection (cf. below), another strain of Ts phage 
was employed for culture both in nutrient broth and synthetic medium, 
The latter strain, which was obtained from Dr. 8S. Luria, Indiana Uni- 
versity, was known to yield high titers in synthetic medium under condi- 
tions of multiple infection, and had been selected for freedom from the 
requirement for tryptophan as an adsorption cofactor. Both strains of 
Ts were originally derived from a common stock described by Demeree 
and Fano (3). No significant differences have been found in the two 
strains with regard to physicochemical properties by ourselves, or with 
regard to biological characteristics by Dr. Luria (personal communica- 
tion). As described in the text, success in culture in synthetic medium is 
attributed chiefly to the procedure of infection rather than to the strain 
of phage employed. Phage type was verified by reference to plaque form, 
latent period, and host range. Most of the data in this paper refer to 
purified concentrates of the strain received from Luria. 

Phage assay was performed by the plaque count method of Ellis and 
Delbriick (13) as modified by Hershey et al. (14). After serial dilution of 
the sample in sterile broth, duplicate plates of the final dilution were left 
overnight at room temperature and the plaques counted the next day. 
The host bacteria were maintained on a 1 per cent agar slant with daily 
transfers. The complete medium consisted of 0.8 per cent Difco-nutrient 
broth with 0.5 per cent NaCl added, final pH about 6.8. The agar was 
composed of the above nutrient broth with 1 per cent Difco-Bacto-agar 
added. The synthetic medium, essentially that suggested by Luria,’ 
was made up in distilled water by addition of boiled neutralized lactic 
acid and stock solutions of salts. Final percentages of salts were sodium 
lactate 1.1, KH2PO, 0.15, NagHPO, 0.35, NH,Cl 0.01 and MgSO, 0.001. 

Bacteriophage Ts may be grown on EL. coli cultured either in broth or in 
the synthetic medium, but in the latter medium the yield of phage varies 
greatly with the manner of infection. For single infection experiments a 


2 In preliminary experiments coliphage 7), differing serologically, morphologically, 
and in plaque form from Ts, was grown on the host both in broth and in synthetic 
medium. This smaller phage is less readily concentrated in the supercentrifuge and 
angle centrifuge and is markedly unstable upon high dilution in saline. 

3 Luria, S., private communication. 
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sia subculture of bacteria is infected with one virus particle per 400 to 600 
T, bacteria 5 or 10 minutes prior to inoculation of the medium. In this 
In method, uninfected bacteria are in great excess initially, and statistically 
re mly one virus particle is adsorbed per infected cell. Many generations 
on of phage result. In multiple infection experiments the final actively grow- 
ea ing bacterial culture is infected with phage, so that theoretically each 
um | tell adsorbs more than one particle. Under the latter conditions lysis 
ai is inhibited and the liberation of phage is delayed (15). Turbidity meas- 
ti yements remained nearly constant under conditions of multiple infection, 
Tni- wut colony counts revealed that the number of viable bacteria fell steadily 
ndi- from 108 cells per ml. to 105 cells per ml. or less in the first few hours of 
the incubation. These results and other unpublished data indicate that mul- 
aa tiple infection accompanied by lysis inhibition largely yields a single 
cree | gmeration of virus. 


Pel Isolation from Nutrient Broth Lysates—Single and multiple infection 
with nethods were used with equal success in propagation of the bacteriophage 
viens in nutrient broth, but the large amount of infecting virus required in the 
ua te litter procedure discouraged its use. 
make Nutrient broth in 10 to 24 liter lots was inoculated at a volume ratio of 
aes 1:50 with an 18 hour subculture of bacteria, infected as described above 
to | lor single infection. After 8 hours incubation with aeration at 37°, the 
altures were pooled and stored in the cold. It was found that the course 

and | phage growth was almost logarithmic up to 6 to 8 hours, the final titer 
in of | Sproaching 10” phage per ml. It was not necessary to store fresh broth 
> Jef, | (ysates in the cold to aid in the elimination of mucoid material, as reported 
das: by Hook et al. for bacteriophage T> (8). 

dalle | The bacterial débris could be removed from the lysate either by filtration 
vient | Wough 10 inch Mandler candles of medium porosity or by clarification 
- was | @ the Sharples supercentrifuge at 40,000 r.p.M. (39,000g at the bowl 
-agar yrtiphery) and a rate of flow of 10 liters per hour. Filtration appeared 
uria | be more efficient. The filtered or clarified phage was then concen- 
lactic | "ated by centrifugation at 56,000g in the virus concentration bowl of the 
dium | Sharples (Presurtite laboratory model) supercentrifuge by a method similar 
001. i that described by Hook et al. (8). The pooled opalescent Sharples 
orin | “acentrate of bacteriophage was purified by differential centrifugation 
varies | Sthe Sorvall high speed angle centrifuge rather than in the ultracentrifuge. 
sntsa | une step at 2000g for 15 minutes was employed to remove particulate 
matter, and another at 18,000g for 2 hours to sediment the virus. All 
eatrifugation was carried out in the cold. 

Purification by two such cycles of differential centrifugation usually 
wiced to give concentrates of approximately constant infectivity (infec- 
iwity being defined as gm. of N per phage). The arithmetic average of 
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the infectivity of more than ten concentrates of broth phage Ts was 10-1.% 
gm. of N per phage, with extreme values of 10-%-75 to 10-'.  Thoge 
values compare closely with the average figure (10-"-8%) and the range 
given for T, phage concentrated in the ultracentrifuge (8). The progress 
of purification is shown by representative data given in Table I for g 
preparation later characterized in the electron microscope, ultracentrifuge, 
and the electrophoresis apparatus. It may be seen that on a nitrogen 
basis a purification of 1000-fold is achieved. In this instance, the re. 
covery of phage from the filtered lysate amounts to about 47 per cent and 
corresponds to a yield of about 3.5 mg. of phage per liter of culture. Ip 
other experiments, yields up to 8 mg. of phage per liter of broth culture 
have been obtained with average recoveries of 60 per cent. A higher 


TABLE [ 


Isolation of T. Bacteriophage from Broth Lysates* 





Material | Volume Titer N content | Infectivity 

ml. | phage per ml. | mg. per ml. a 

Filtered lysate. .................005. }9000 17.4 x 10° | 1.16 | 10-2 
Sharples effluent...... i, ...| 8620 [1.8 xX 108 | 1.22 | 19¢-Ma 
sy COMCONITEIO 6.556 oss: 95 3.0 xX 10% | 0.08 1015.57 
Angle supernatant (Ist cycle).. ee 93 3.1. 36. 2008 0.034 | 10-14.9 
“  eoncentrate (“ ite: Mee | J6:2 1a So 0" | Gas 10715 .69 
7 ee. Jes. 14.5 | 2.16 X 10% | 0.276 | 10-1. 
1.43 X 10! 0.202 19715 -8 


4 + ited ees 


* Nutrient broth inoculated 1:50 with singly infected bacteria (bacteria to 
phage = 400:1) (Lot XI). Incubation for 8 hours at 37° with aeration. Sharples 
centrifugation at 48,000 r.p.m. (56,000g at the bowl periphery) at a constant rate 
of flow of 2 liters per hour. 


percentage of the virus may be recovered by passing the lysate through the 
supercentrifuge at a lower rate of flow than that employed in this experi- 
ment (2 liters per hour). 

Isolation from Synthetic Medium—lIn synthetic (lactate) medium the 
growth of the host bacterium is much slower. Accordingly, lysates of 
high phage titer were never obtained from these cultures by the procedure 
of single infection, even with prolonged incubation. This result is con- 
trary to that observed with T; bacteriophage in synthetic medium con- 
taining glucose (8). In experiments to be described in detail elsewhere’ 
the growth of Ts phage in lactate or glucose media was studied by the 
one-step growth curve technique of Delbriick and Luria (16), with broth 


‘ Neil, J., Kozloff, L. M., and Putnam, F. W., in preparation. 
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as a control. These experiments demonstrated that the yield of virus 
particles per infected bacterium in synthetic medium fell to one-tenth 
that observed in broth. A search for growth factors revealed that casein 
hydrolysate, yeast extract, and a small addition of broth gave marked 
stimulation, while several amino acids, purines, and vitamins increased 
phage growth somewhat. However, no single specific factor was found 
and at the suggestion of Dr. Luria the procedure of multiple infection, 
already described, was investigated. 

After study of the optimum conditions for growth of the phage by the 
above method, it was found that large lots of actively growing bacteria 
at a concentration of 1 or 2 X 108 cells per ml., when infected with phage 
at a ratio of 1 to 5 virus particles per organism, gave lysates with titers up 
to2 X 10” phage per ml., upon overnight incubation with aeration at 37°. 
Titers up to 4 X 10” phage per ml. were sometimes obtained after 24 
hours incubation with no apparent adverse effect of prolonged incubation. 
The lysates contained visible suspended particulate matter which was 
readily removed by filtration on Mandler candles. With the procedure 
of multiple infection, synthetic medium cultures proved to be a better 
source for the production of Ts phage than did broth. In one instance 
24 liters of culture yielded 442 ml. of crude Sharples concentrate contain- 
ing 2.1 X 10" phage per ml., corresponding to a yield of 47 mg. of phage 
per liter of culture. Electrophoretic analysis (see below) of the crude con- 
centrate indicated the absence of free nucleic acid and revealed the presence 
of amajor boundary with the mobility of phage and of a minor boundary 
representing a trace of impurity. In accord with this result, the infec- 
tivity of clarified Sharples concentrates of the synthetic medium phage in 
several instances ranged from 10-%-8 to 107-9. 

However, on standing in the cold, synthetic medium concentrates 
undergo rapid loss of activity as compared to broth phage (see be- 
low), and purification by differential centrifugation leads to disruption 
of much of the virus with liberation of nucleic acid. In addition to the 
limpid pellet and clear supernatant found in the high speed sedimentation 
of broth phage, the synthetic medium concentrates contained an inter- 
mediate layer of insoluble, viscous material, presumably nucleic acid. 
As indicated later, all our concentrates from synthetic medium have 
revealed at least a trace of unbound nucleic acid upon electrophoretic 
analysis, 

Ethanol Fractionation—Procedures for protein fractionation were in- 
vestigated in an attempt to avert the loss of activity incurred on dif- 
ferential centrifugation of synthetic medium phage. Addition in the cold 
of saturated (NH,4)2SO, to a final concentration of 2 m at pH 5.4 resulted 
in nearly quantitative precipitation of the phage, but with much loss of 
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activity. However, graded dialysis against buffered ethanol solutions 


Arie ei Fu 
at —1° to —5° afforded a ready means for precipitation of the virus, on 
This procedure involves successive dialysis of the phage against ethanol ; 
solutions of the following concentrations: 8, 12, 16, 20, and 30 per cent. for 
Each liter of dialysis solution contained 15 ml. of 1 N sodium acetate tro 
buffer, pH 5.4, the calculated amount of 95 per cent ethanol, and 09 ar 
per cent saline to volume. The precipitate obtained with 16 per cent tie 
alcohol is impure and is usually discarded. After centrifugation at 20004 pr 
for 15 minutes, the precipitate at higher concentrations of ethanol readily pa 

in 
TABLE II hi 
Ethanol Concentration of Synthetic Medium Bacteriophage T', at pH 5.4 
Ethanol . | 
Precipitation Material concen Titer Volume | Be pe. Infectivity - 
| per cent| phage per ml. ml. 102 | a al ae : 
Ist Sharples concen- 6.4 X 10 | 125 80 0.070 | 10-5: : 
trate* 8 
Supernatant 30 | 7.2 xX 10 | 125 9 | 0.023 | 10-6. ph 
Ppt. 30 | 3.8 xX 10% | 17 66 | 0.408 | 10-15.% 
2nd | “ 16 |5.6 X10" | 5 2.8 | 0.105 | 10-1. co 
Supernatant | 20 | 8.1 X 101° 17 1.4 | 0.025 | 10-1. se] 
Ppt.t | 20 |3.0 X 10% 10.6 | 31.8 | 0.495 | 1074-18 et 
3rd + 16 | 6.2 xX 10" 5 3.1 | 0.099 | 107-8 , 
Supernatant 30 | 8.7 xX 10 | 20 1.7 | 0.024 | 10-1. di 
Ppt.t 30 | 2.5 X 10% 10 25 0.201 | 10-%¢1 Ta 
4th Supernatant 30 18.2 X 10 16 1.3 as 
Ppt.§ | 30 | 1.44 X 10% = 8.5 12.3 | 0.190 | 107. th 
* For electrophoretic diagrams at pH 6.10, see Fig. 3, C. in 
+ For electrophoretic diagrams at pH 6.40 and 7.60, see Fig. 3, D and E. M 
t For electrophoretic diagrams at pH 8.58, see Fig. 3, F. du 
§ For electrophoretic diagrams at pH 5.2, see Fig. 3, G. 
, ; a ti 
dissolves in saline to give a concentrated opalescent solution with high 1 


infectivity. Although most of the phage is precipitated at 20 per cent oF 
ethanol, as seen in Table II, the precipitate at 30 per cent alcohol is more 
readily centrifuged. 

The dialyses are carried out in the cold, just above the freezing point of at 


the mixture, to avert inactivation which occurs slowly at 4° but rapidly i. 
at 30° in 20 per cent ethanol. The pH is also critical; at pH 7 no phage is th 
precipitated at a concentration of 30 per cent ethanol, the yield increas- In 
ing as the pH is adjusted closer to the acidic limit of the stability regions an 

ar 


5 At pH 5.1 the phage is largely precipitated by 12 per cent ethanol. | le 
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Further investigation of the optimum conditions for precipitation is under 
way. 

The progress of purification by alcohol fractionation was followed in 
four preparations by phage assay, infectivity measurements, and elec- 
trophoretic analysis. The electrophoretic diagrams, to be discussed later, 
are in accord with the activity data given in Table II for ethanol frac- 
tiation, and also with the data on differential centrifugation given 
previously in Table I. All the results indicate that by far the greater 
part of both concentration and purification is accomplished by the pre- 
liminary centrifugation in the supercentrifuge. 


Properties of Purified Bacteriophage Ts 


Suspensions of purified bacteriophage are bluish in reflected light at 
concentrations of 5 X 10” particles per ml., opalescent at 10" phage per 
ml., and milky at 10" per ml. Over the range, 4 X 10” to 6.5 & 10" 
particles per ml., the activity of electrophoretically homogeneous samples 
is linearly related to light absorption measured in the Coleman spectro- 
photometer (model 6A) at 400 mu. 

The complete absorption spectrum of synthetic medium bacteriophage, 
concentrated by the ethanol precipitation and purified by electrophoretic 
separation at pH 5.1, was measured in the Beckman quartz spectrophotom- 
eter (model DU). The spectrum is given in Fig. 1. From the inset 
diagram of Fig. 1 it can be seen that in the near infra-red and in the visible 
range the spectrum shows a steady increase in apparent light absorption 
as the wave-length decreases. When the optical density is plotted against 
the 4th power of the wave-length, a nearly linear relationship is observed 
in the visible region. This result, which is in accord with the Rayleigh- 
Mie equation (17), indicates that the bluish appearance of the phage is 
due solely to molecular light scattering. 

In the ultraviolet region, however, the phage exhibits intense absorp- 
tion, necessitating the use of a different scale for the ordinate in Fig. 1. 
The spectrum is that typical of nucleic acids, with a sharp maximum at 
262 mu and a minimum at 240 my. Since the bacteriophage is morpho- 


‘Other methods of purification still being investigated include acid precipitation 
at pH 4.2, followed by rapid dissolution of the precipitate in buffered saline. In one 
experiment with synthetic medium phage the activity was recovered quantitatively 
and the product had an infectivity of 10%. Electrophoretic analysis revealed 
that the preparation contained about 2 per cent free nucleic acid as the only impurity. 
In a second experiment, on study both in the electrophoresis apparatus and in the 
analytical ultracentrifuge, acid-precipitated phage exhibited a single major bound- 


ary representing the phage, and a minor boundary identified in electrophoresis, at 
least, as DNA. 
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logically and chemically complex and its phosphorus is distributed among 
several compounds,! the results are expressed, not as the “molecular” ey. 
tinction coefficient or the atomic extinction coefficient with regard to P. 
but as the specific absorption coefficient, K =(log 1/7')/C, where ¢ = 
gm. of P per liter, and 7’ equals the per cent transmission. 
Stability—Phage from either broth or synthetic medium cultures jg 
soluble in physiological saline after purification by differential centrifuga. 
tion, but dissolves more readily when concentrated by ethanol precipita- 
tion. The phage precipitates on dialysis against distilled water; lyophiliza- 
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Fie. 1. Complete absorption spectrum of synthetic medium Escherichia coli bac- 
teriophage Ts concentrated by ethanol precipitation and purified by electrophoretic 
separation. The specific absorption coefficient, A, is defined in the text. In the in- 
set, graph K is given in the same units for visible and infra-red light as for ultraviolet 
light in the main figure. 


tion renders it insoluble and inactive. The virus is disintegrated when 
held at 100° for 1 minute and inactivated if heated at 55° for 30 minutes. 

The pH stability range for purified broth phage, as determined by assay 
at intervals over a period of 9 weeks, is about pH 4.9 to 8.6. Over this 
time interval, the titer of broth phage drops slowly, but the synthetic 
medium phage is inactivated quite rapidly with the formation of a stringy 
sediment. Below pH 4.2, the phage precipitates immediately, and also 
precipitates on standing at pH 4.6 to 4.8. The solution retains its charac- 
teristic opalescence throughout the stability range but clears and becomes 
viscous at about pH 10. Nucleic acid is liberated, as can be shown by 
precipitation in 4 volumes of cold ethanol. 
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The relationship of solubility to infectivity is illustrated in Fig. 2, which 
shows the pH stability range for synthetic medium phage (initial titer of 
6.5 X 10" phage per ml.) after 72 hours at 4° in acetate-veronal buffers 
of 0.05 ionic strength or glycine buffers of 0.1 ionic strength. The left- 
hand ordinate represents the per cent of initial activity remaining; the 
right-hand ordinate gives the optical density of the supernatant solution 
as measured in the Coleman spectrophotometer at 400 mu. The close 
coincidence of the stability range for infectivity and of the solubility 
region is noteworthy. While nucleic acid is split off in the alkaline region, 
the phage precipitate obtained at pH 4 retains activity for some time. 
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Fie. 2, pH stability and solubility range of Escherichia coli bacteriophage Ts 
isolated from synthetic medium. The left-hand ordinate corresponding to the solid 
line (O) gives the per cent initial activity remaining after 72 hours at 4°. The right- 
hand ordinate referring to the broken line (DO) gives the optical density of the super- 


natant solution measured at 400 my. The solid black points on either graph indicate 
the presence of a precipitate. 


As indicated previously,® advantage of this fact may be taken in the puri- 
fication of bacteriophage. 

Phage biologically labeled with P® has been obtained with a specific 
activity of 760 counts per minute per y of P without alteration of normal 
infectivity ;’ but, like other coliphages, Ts is rapidly inactivated by ultra- 
violet irradiation. Activity of the virus is unaffected by cacodylate or 
veronal buffer up to pH 8.6, or by incubation with trypsin. Reduction 
with cysteine or thioglycolic acid inactivates the virus, but the effect is 
partially reversible on oxidation with cystine. Phage infectivity is not 
aflected by 0.02 m fluoride but a 1:1000 dilution of the cationic detergent, 
benzyldodecyldimethylammonium chloride, abolishes the activity. At the 

"Kozloff, L. M., and Putnam, F. W., in preparation. 








312 VIRUS REPRODUCTION. I 


same concentration, cetyltrimethylammonium bromide and the anionic 
detergent, sodium dodecyl sulfate, are less effective. However, at pH 8, 
sodium dodecyl sulfate splits off nucleic acid from the virus at a phage to 
detergent weight concentration ratio of unity. 


Physicochemical Analysis 


Electrophoretic Homogeneity—Electrophoretic analysis was performed at 
0.6° or at 2° in the standard Klett electrophoresis apparatus equipped 
with the Longsworth schlieren scanning system (18). Because of the 
high opalescence of the solutions and the limited amounts of purified 
virus, phage concentrations of about 0.2 per cent were at first employed, 
For concentrations of 0.4 per cent studied in later work it was necessary 
to resort to infra-red light photography in order to depict the solution 
side of the boundary. A tungsten light source together with Wratten 
filter No. 89 or 89A and infra-red sensitized film or plates served for this 
purpose. 

The broth bacteriophage characterized in the electron microscope and 
in the ultracentrifuge moved as a single diffuse boundary in the electro- 
phoresis apparatus at a concentration of 0.2 per cent at pH 6.69 (Experi- 
ment 1, Table III). Another batch of broth phage exhibited 5 to 10 per 
cent of a fast moving component with mobility of —16.1  10~ sq. cm. 
volt—! sec.-! at pH 7.60 (Experiment 2, Table III). Prior to chemical 
identification! the fast component was assumed to be free nucleic acid on 
the basis of its mobility (cf. Experiments 13 and 14, Table III). Some prep- 
arations of broth phage migrated without evidence of free nucleic acid or 
other impurities over the pH range studied, pH 5.1 to 7.6 (Experiments 
3 to 6, Table III; Fig. 3, A and B). Other preparations of broth phage, 
generally of lower infectivity (10-%-"4), exhibited two components with 
closely similar mobilities over the pH range of study (e.g., 5.1 and 5.9 X 
10-5 sq. em. volt~! sec.—! at pH 6.20). The more slowly moving boundary 
represented the major component.? Though the principal boundary sepa- 
rated clearly, it remained diffuse and skewed and could not be isolated in 
the separation cell. In a single preliminary experiment, broth phage, 
showing two principal boundaries and a trace of nucleic acid on electro- 
phoresis, was studied simultaneously in the analytical ultracentrifuge 


8 Some of the electrophoretic analyses were performed by Mr. Eugene Goldwasser. 
The electrophoresis apparatus and the electrically driven analytical ultracentrifuge 
were made available through the courtesy of Dr. E. S. G. Barron, Department of 
Medicine, University of Chicago. 

* A concentrate of coliphage T;, which forms large plaques, was studied in electro- 
phoresis at pH 7.6. Two boundaries were observed with mobilities of 8.5 and 10.7 X 
10-5 sq. cm. volt~! sec.~!, neither corresponding to the mobility of Ts phage at this 
reaction. 
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On sedimentation three boundaries were obtained, one sedimenting slowly 
and presumably representing nucleic acid, and two principal boundaries 
with Soo = 794 and 1009 Svedberg units. This result suggests that the 
double boundary phenomenon in the ultracentrifuge may have an analogue 
in electrophoresis. 


TaBLe III 
Electrophoretic Analysis* of Escherichia coli Bacteriophage 1's 
B signifies nutrient broth medium, L synthetic (lactate) medium. 





Electrophoretic mobility,t 10-5 sq. cm. 
1 


volt sec. ~ 
Expet-| Fig, : ss Concen- 5 peeres, se 
met No. Source |Infectivityt| {ration | PH | Time Bacteriophage Nucleic acid 
wr Descend- » | Descend- 
Ascending ing ‘ee ing 
gm.N perTs ™8- N sec 
- per ml. r 


B 10-45-89 | 0.276 |6.69]18,000} —6.04  —5.64 | 
_ 10715 -86 | 0.247 |7.60) 7,200) —7.44 | —7.10 —17.3 | —16.1 

















1 

2 

3 | 3A “ 10-18-03 | 0.282 |7.60/23,910 —6.84 | —6.55 | 

4 | 3B “ 10-15-86 | 0.35 |6.63|14,400] —6.58 | —6.35 | 

5 « 10-15.78 5.78|17,520| —4.36 | —4.36 

i ee 5.10|18,000] —3.77 | —3.55 

7 ii 10-45-77 | 0.259 |6.40/10,320) —7.19 | —6.15 | —18.0 | —17.9 
§ | 3C " 6.10/14,400] —4.94 | —4.91 

9 | 3D se 10-15-78 | 0.495 |6.40\12,500} —6.01 | —5.97 | —17.9 | —18.4 
10 | 8E “ 10-35-78 7 .60|16,800} —6.20 | —5.94 | —17.4 | —16.8 
ll | 38F “ 10-161 | 0.201 |8.58} 8,200) —7.37 | —7.34 | —16.5 | —17.5 
2 | 3G “ 10-5-# | 0.190 |5.18] 3,100) —4.01 | —3.62 | —14.5 | —17.5 
1B Thymus} DNA 0.910 |7.60) 6,780 | | —19.3 | —17.6 
4 * ae 0.710 |5.50| 5,400 —19.2 | —16.6 
15§ Yeast | RNA 5.34 | —13.1 

















*Ionic strength = 0.1 in all instances except pH 6.69 (Experiment 1). Composi- 


_ tion of buffers as follows: pH 6.69, 0.1 m NaCl-0.025 m NasHPO,-0.025 m KH.PO,; 


pH 7.60, 0.07 m NaCl-0.03 m Na veronal; pH 5.78 to 6.63, 0.08 m NaCl-0.02 m Na 
tacodylate; pH 5.10 to 5.5, 0.1 m Na acetate; pH 8.58, 0.1 m Na veronal. 
{ The infectivity of phage recovered from the electrophoresis cell was undimin- 
shed in the range, pH 5.18 to 8.58. A small drop was experienced at pH 5.1. 
{Temperature 2°. The voltage gradient was less than 4 volts per cm. in all 


instances and about 1.2 volts per cm. in most experiments with phage. 


§ Data of Longsworth and MacInnes (19). 


Typical electrophoretic patterns for broth phage showing no evidence 
freely migrating nucleic acid at pH 7.60 and 6.63 are given in Fig. 3, 


| dand B. In these cases, as in all instances, the boundaries are diffuse and 
| skewed. As shown in Fig. 4, boundary sharpness was not restored by 
teversal of the electric field with migration continued until the origin 
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Fia. 3. Electrophoretic analysis of Escherichia coli bacteriophage T; isolated from 
broth or synthetic medium lysates. The source of the phage, its infectivity and con- 
centration, the pH, and the conditions of electrophoresis are given in Table III for 
experiments corresponding to Fig. 3, A toG. The horizontal arrows indicate the 
direction of migration, left diagram ascending, right descending. The tail of the 
arrow signifies the position of the starting boundary. The vertical arrows denote 
traces of fast moving components; the vertical bar in Experiments D to G is the image 
of the ground glass sliding section of the separation cell used in these experiments. 


was again attained. The factors contributing to this effect are considered 
in the “Discussion.” 

While broth bacteriophage gave a single boundary over the range pH 
5.1 to 7.6, in some experiments it was impossible to exclude the presence 
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of minute amounts of freely migrating nucleic acid because of the low 
concentrations employed. Because of the acid precipitation of phage 
already mentioned, it was not feasible to conduct electrophoretic analysis 
below pH 5.1, and even at this reaction the ascending limb became turbid. 
In all experiments reported in Table III the infectivity of preparations 
recovered from the electrophoresis cell was undiminished, except for a 
small drop at pH 5.1. 

From our best lot of synthetic medium phage a crude Sharples concen- 
trate containing 2.1 X 10” phage per ml. was obtained. This was sub- 
mitted to electrophoresis at pH 6.1 without further purification, and the 
typical skewed patterns given in Fig. 3, C were observed. The crude 
concentrate appeared to consist predominantly of one component. No 
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Fic. 4. Electrophoretic boundary spreading at pH 7.6 of Escherichia coli bacte- 
riophage Ts from broth lysate. The patterns are superimposed tracings of Longs- 
worth diagrams; left, descending, right, ascending. The arrows indicate the direc- 
tion of migration, the numerals, the time in minutes. The upper arrows signify the 
forward direction, the lower arrows, migration on reversal of the current. The sharp 
peak at the tail of the arrow is the starting boundary. The dash lines on the protein 


side of the boundary denote a slightly elevated base line occasioned by light absorp- 
tion. 


free nucleic acid was detectable, but there appeared to be a trace of some- 
what faster moving material too slight to be observable in the figure. On 
standing several months, the activity of this crude concentrate dropped 
to6.5 X 10" phage per ml. Ethanol purification by two precipitations at 
30 per cent alcohol, pH 5.4 (cf. Table II), yielded a preparation which con- 
tained about 10 per cent free nucleic acid at pH 6.40, according to the 
electrophoretic patterns for the descending limb (Fig. 3, D). However, 
on the ascending side the fast moving component, indicated by the ver- 
tical arrow in Fig. 3, D, represented only 2.5 per cent of the total area. 
Other patterns given in Fig.3 illustrate the same phenomenon of an ap- 
parently smaller amount of free nucleic acid in the ascending diagram. 
A similar phenomenon has been observed in electrophoretic studies of the 
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IS 


interaction of purified thymus desoxyribonucleic acid (DNA) and crystal. 


line serum albumin.” Since the areas representing free nucleic acid were en 
unequal on the two sides, the concentrations of this component could not a 
be determined accurately by planimetric integration. In no case did the el 
area exceed 12 per cent on the descending side; in many experiments le 
only traces too small to photograph were observed. M 

Electrophoretic Purification—To establish the identity of the fast moy- w 
ing component and to provide electrophoretically homogeneous samples th 
of synthetic medium phage for chemical analysis, purification by electro. qT 
phoretic separation was undertaken. Four experiments with synthetic  * 


medium phage concentrated by ethanol precipitation were performed with 
the 11 ml. separation cell. Electrophoretic diagrams taken just prior to 
the actual separation will be given in a subsequent paper! but are similar 
to several shown in Fig. 3. On the basis of analytical data! as well as 
from mobility values which more closely coincide with those of desoxyri- 
bonucleic acid (DNA), the fast moving component was identified as DNA, 
In this connection the constancy of the electrophoretic mobility of the 
fast moving component over the whole pH range covered in Table III 
is significant. Infectivity measurements and chemical analyses to be 
reported in a later paper! confirmed the assumption that the slow moving 
component of variable mobility was the bacteriophage. 

Electrophoretic M obility—Since electrophoresis of Ts bacteriophage could 
be carried out only above the acid region of precipitation and within the 
stability zone, it was not possible to determine the isoelectric point by 
this method. The pH mobility curve for the region pH 5.1 to 8.6 is 
plotted in Fig. 5. Over the whole range the phage migrated toward the 
anode. No significant difference in mobility was found between phage 
from broth and phage from synthetic medium. In a single instance at 
pH 7.6 the mobility of a preparation from synthetic medium did not fall 
on the curve given in Fig. 5. Such minor differences may arise from the 
presence of free nucleic acid in some preparations. Since the mobility 
of the phage is still —3.55 XK 10 sq. em. volt sec. at pH 5.1, itis 
difficult to extrapolate to the isoelectric point. However, it seems plausible 
that this may be in the neighborhood where acid precipitation first takes 
place, as indicated by the shaded region in Fig. 5. The relatively low 
mobility of bacteriophage Ts is significant in view of its extraordinarily | 
high content of nucleic acids, which approaches 40 per cent.! 

Electron Microscopy—Electron micrographs of purified Ts bacteriophage 
prepared from broth cultures by differential centrifugation were kindly 
made for us by Dr. D. G. Sharp, Duke University School of Medicine. 
For this work an RCA type B electron microscope was used. A micr0- 
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10 Goldwasser, E., and Putnam, F. W., unpublished. 
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graph taken at a magnification of 38,000 is given in Fig. 6. For this 
experiment the virus dispersed in a phosphate-saline buffer, pH 6.7, was 
mounted on a collodion film and photographed in the usual manner. The 
electron micrograph of Fig. 7 was taken by the metallic shadow-casting 
technique which obscures internal detail but produces sharp contrast. 
For this experiment 0.25 per cent CaChk was added to the virus solution, 
which was then dried on collodion as usual. The phage particles were 
then shadowed with chromium by a method previously described (20). 
The micrographs reveal that there is no gross difference either in size or 
shape of T, and ‘T's bacteriophage, both of which consist of tadpole-shaped 
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Fig. 5. Electrophoretic mobility curve of Escherichia coli bacteriophage Ts de- 
rived from broth (O) and from synthetic medium (@) lysates. The shaded area in- 
dieates the inception of the acid region of insolubility and inactivation. 








structures with a slight protrusion at the end of the “tail” and somewhat 
hexagonal ‘heads.’ The particles present a high uniformity of size with 
the exception of a few which probably represent a phage found as a con- 
taminant only in our early preparations and identified as T; on the basis 
of host range and plaque size. 

Analysis in Ultracentrifuge—Sedimentation velocity analysis was also 
performed by Dr. Sharp on the same samples shown in the above electron 
micrographs. An air-driven analytical ultracentrifuge equipped with the 
ultraviolet light absorption method was employed. Photographs taken 
at 2) minute intervals at a rotor speed of 164 R.p.s. and a mean tempera- 
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Fic. 6. Electron micrograph of Escherichia coli bacteriophage Ts from brot! 
The purified phage suspension in phosphate buffer was placed on a collodion film 


Magnification 38,000. Photographed by D. G. Sharp. 





Fic. 7. Electron micrograph of Escherichia coli bacteriophage Ts from 
The purified phage suspension in 0.25 per cent CaCl was prepared as in Fig. 6 
1) 


then shadowed with chromium. Magnification 50,000. Photographed by ! 


Sharp. 
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ture of 25° are given in Fig. 8. “Two principal boundaries are visible, and 
there is indication of a slight almost unsedimentable boundary, presumably 
nucleic acid. At the time of the analysis, the preparation was more than 
a month old, and Dr. Sharp has informed us that a similar behavior is 
shown by old preparations of T2 bacteriophage. ‘The sedimentation con- 
stants for the principal boundaries, corrected to the water basis but neg- 
lecting the viscosity of the virus, are 787 and 1034 Svedberg units. “Though 
the values must be considered tentative, they compare closely with the 
figures reported for the two principal boundaries observed with Ts bae- 
teriophage, namely 725 and 1030 Svedberg units (8, 9). 

An electrically driven analytical ultracentrifuge (Spinco) equipped with 
a schlieren optical method has recently been made available to us, and we 
hope to make a sedimentation velocity study of the double boundary 


phenomenon with T's phage in conjunction with electrophoretic studies. 





Fig. 8. Sedimentation diagram of Escherichia coli: bacteriophage Ts from broth. 
The concentration of phage was 1.55 mg. per ml. The mean centrifugal acceleration 
was 7000g and the time interval between pictures was 23 minutes. 


In preliminary investigations at pH 7.6 in 0.1 ionic strength veronal-NaCl 
buffer, a preparation of synthetic medium phage yielded a principal bound- 
ary (Soo about 700), together with a trace of nucleic acid. Broth phage gave 
two principal boundaries (Soo about 790 and 1010) and a slowly sedimenting 
boundary, presumably nucleic acid. These values are uncorrected and 
tentative, but do serve to confirm the order of magnitude of the particle 
size of bacteriophage Ts. 


DISCUSSION 
In physical characteristics, in infectivity and stability, and in chemical 
composition Ts bacteriophage closely resembles T,. Moreover, electron 
micrographs indicate that particles of the two strains of phage are nearly 
identical in morphology and size. Both phages also exhibit a unique double 
boundary phenomenon in the ultracentrifuge, the sedimentation constants 
lor the two boundaries for Ts being the same within experimental error as 
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those for Ts. With T's phage, as with T:, this behavior may be attributed 
to aggregation, for a small steady increase in phage titer is experienced 
when high dilutions of the virus in sterile broth are assayed periodically, 
The average infectivity of T's. phage, as well as the range of infectivities 
observed, likewise closely parallels the values observed for T2. Though 
the infectivity of various preparations was within rather constant limits, 
this property may not be considered a sufficient criterion of purity for 
bacteriophages because of the possibility of aggregation or of the presence 
of free DNA. From the infectivity value of about 10~'® gm. of N per phage 
and from the N content of 13.2 per cent found by Wjeldahl analysis, 
it can be calculated that a single virus particle has a mass about 460,000,000 
times as great as that of the hydrogen atom. 

Ts bacteriophage derived from synthetic medium cultures differs mark- 
edly in stability from Ts. phage harvested from nutrient broth. An in- 
creased lability of synthetic medium T, phage has likewise been noted by 
several workers, and has been attributed by Cohen (21) to an external 
coat of DNA on the synthetic medium phage. Cohen concluded that 
the apparent external coat was probably not attributable to adsorption 
of the decomposition product of the phage but. rather represented a struc- 
tural difference; 7.c., that the coating was the cause rather than the result 
of the difference in lability of the virus obtained from the two media. How- 
ever, the electrophoretic experiments reported herein demonstrate that 
DNA, which accompanies synthetic medium phage Ts throughout the 
course of purification by several methods, is readily separable in an elec- 
trie field. These data thus suggest that DNA liberated in the decomposi- 
tion of synthetic medium phage is adsorbed by intact virus particles and 
is bound by electrostatic forces similar to those involved in the inter- 
action of DNA with simple proteins. The similarity in electrophoretic 
mobility of T's bacteriophage, whether derived from nutrient broth or from 
synthetic medium, indicates the absence of marked surface structural dil- 
ferences in the two viruses. The adsorption of DNA to the surface of the 
virus particles is perhaps the factor leading to aggregation and giving rise 
to the double boundary phenomenon in the ultracentrifuge. The marked 
effect of Catt on the sedimentation constant of the virus (8, 9) is in accord 


with this suggestion. 

Electrophoretic analysis served as the chief criterion of physicochemical! 
homogeneity in this investigation. In no instance were more than three 
components observed. One of these, usually present in trace amounts 
and more generally associated with synthetic medium phage, was denoted 
by a fast moving boundary of constant mobility and has been identified 
as free DNA. In some instances, both with broth phage and syntheti¢ 


medium phage, two principal boundaries of closely similar mobility were 
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obtained. Preliminary sedimentation velocity analysis suggests that the 
electrophoresis behavior may be related to the double boundary phenom- 
enon previously reported by Hook et al. (8, 9). However, the best 
preparations of broth phage T's yielded a single electrophoretic boundary 
over the whole pH range of study. Likewise, synthetic medium phage 
generally exhibited a single slow moving boundary, though always ac- 
companied by small amounts of DNA. 

In all electrophoresis experiments, however, the boundary spreading 
was more rapid than would be expected from free diffusion of particles 
of the size found for the virus from infectivity data, ultracentrifuge studies, 
and electron micrographs. The possibility of phage motility was excluded 
by separate diffusion experiments performed in the Tiselius cell by the 
Longsworth method (22). While the opalescence of the solutions and 
boundary skewness precluded precise evaluation of the diffusion constant 
for bacteriophage Ts, the data revealed that the virus has a low diffusion 
constant when compared to that of crystalline bovine serum albumin 
studied simultaneously in the other limb of the cell. In the absence of 
rapid diffusion, the spreading and skewness of electrophoretic boundaries 
may generally be attributed to electrophoretic heterogeneity or to thermal 
convection (23). These effects may be distinguished by reversing the 
electrical field, boundary sharpness largely being restored in the event 
that the spreading was due to electrophoretic heterogeneity. However, 
with broth phage which gave a single skewed boundary at pH 7.6 (Fig. 
3, A), reversal of the current at reduced power load until the boundaries 
were restored to their original positions served only to increase their dif- 
fuseness (Fig. 4). This result suggests that the diffuseness is not indica- 
tive of electrophoretic heterogeneity, but rather of thermal convection 
occasioned by the low density gradients required by the solubility and 
optical properties of the virus. However, unusually low power loads were 
employed in all experiments in order to avert this effect. Accordingly, 
an alternative hypothesis is suggested: FH. coli bacteriophage Ts is appar- 
ently the largest particle yet successfully studied in the Tiselius elec- 
trophoresis apparatus without the addition of stabilizing proteins. With 
vaccinal elementary bodies (S29 = 4910) boundary streaming was ob- 
served which was variously attributed to endosmosis or density gradient 
effects but could be eliminated by the addition of serum protein (24). 
Moreover, unlike most known viruses, Ts coliphage is a tadpole-shaped 
particle of definite morphology, as revealed by electron micrographs. 
In addition, there is strong evidence of particle interaction both from 
sedimentation studies and activity determinations. In view of these facts 
it seems unlikely that the tailed bacteriophages, even in purified form, 
would obey rigid physicochemical criteria of homogeneity applicable to 
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small spherical or rod-shaped particles. Both in electrophoresis and jp 
sedimentation the validity of the application of Stokes’ law is implied, 
However, the latter assumes spherical non-interacting particles, a con- 
dition obviously abrogated in the bacteriophage system. Likewise, the 
possibility of preferred orientation due to particle morphology or polarity 
must be considered, for such orientation would exert a disturbing effect 
on sedimentation and electrophoresis. 

The results of this investigation emphasize the lability and the diff- 
culty of purification of the coliphages and indicate the caution required 
in subjecting them to physicochemical characterization designed for simple 
protein molecules. The physicochemical and morphological complexity of 
the bacteriophages demonstrated herein, together with chemical analyses 
given in a later paper,! is not in accord with the concept that all viruses 
are simple nucleoproteins. These results, together with those for other 
viruses summarized in a recent review (25), reveal the inadequacy of the 
term “molecule” when indiscriminately applied to such infectious agents. 


SUMMARY 


Escherichia coli bacteriophage Ts has been grown in quantity after either 
single or multiple infection of the host maintained in nutrient broth or 
in synthetic (lactate) medium. The phage was harvested in the supercen- 
trifuge and purified by differential centrifugation, ethanol concentration, 
or acid precipitation. Bacteriophage prepared from either medium is simi- 
lar with regard to infectivity, electrophoretic mobility, and pH stability 
zone, but the synthetic medium phage is markedly more susceptible to 
inactivation on centrifugation or on standing. 

Bacteriophage Ts prepared by these methods has been characterized 
by electrophoretic analysis throughout the pH stability zone. Over the 
region accessible to study the phage migrates toward the anode. Prepara- 
tions exhibiting a single boundary in the range of pH 5.1 to 7.6 have been 
obtained from broth cultures by differential centrifugation. However, 
bacteriophage harvested from synthetic medium has thus far always ex- 
hibited at least a trace of a fast moving boundary upon electrophoresis. 
The impurity has been isolated and identified as desoxyribonucleic acid 
and is considered to be a decomposition product of the virus which itself 
contains about 40 per cent DNA. Electron micrographs of bacteriophage 
Ts show characteristic tadpole-shaped particles. Preliminary character- 
ization of the purified phage in the analytical ultracentrifuge has revealed 
the presence of two principal boundaries with sedimentation constants of 
about 790 and 1030 Svedberg units. As with T, bacteriophage, the double 
boundary phenomenon is attributed to aggregation. 
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THE DEPOSITION OF URANIUM IN BONE 
IV. ADSORPTION STUDIES IN VITRO* 
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(From the Division of Pharmacology and Tozicology, Department of Radiation 
Biology, School of Medicine and Dentistry, The University of Rochester, 
Rochester, New York) 


(Received for publication, December 6, 1948) 


Distribution and excretion studies (1-4) have consistently revealed 
that a large proportion of parenterally administered uranium is deposited 
in the skeleton from which it is mobilized slowly. It appeared advisable, 
therefore, to investigate the extent and nature of the affinity of the bone 
substances for uranium under the more controlled conditions obtainable 
with preparations in vitro. 

Bone ash and fresh bone were equilibrated with uranium in a bicarbon- 
ate buffer under a variety of conditions, especially those considered to 
simulate conditions existing in the animal during uranium poisoning. In 
all cases, a transfer of uranium-from the solution to the bone phase was 
observed. Simultaneously, there was an increase in the amount of calcium 
dissolved by the buffer. These findings suggested that the mechanism of 
fixation of uranium involves an ionic exchange with some group (probably 
calcium) on the surface of the mineral phase. Studies of the solubility of 
wanium in the solutions employed substantiated the ion exchange hy- 
pothesis. No precipitation of uranium (as neutral phosphates) occurred 
in the range of concentrations of physiological interest. 


EXPERIMENTAL 
Methods 


Bone was taken from the shafts of the long bones of rabbits, freed of 
soft tissue, and ashed by boiling in a solution of 3 per cent KOH in 
ethylene glycol (5). After being washed and dried, the ash was ground to 
4 particle size of between 60 and 120 mesh; larger and smaller particles 
were discarded. Variation in particle size (60 to >200 mesh) was found to 
have no significant effect on the uptake of uranium; however, particles of 
intermediate size were the most easily manipulated. Fresh bone was 
dried, ground to proper particle size, and redried to constant weight. 


*This paper is based on work performed under contract with the United States 


Atomie Energy Commission at the Atomic Energy Project of The University of 
Rochester, Rochester, New York. 
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To simulate conditions in vivo, it would have been desirable to employ fo 
an ultrafiltrate of blood as the fluid medium. However, because of the | ca 
difficulty of obtaining adequate quantities of blood ultrafiltrate, bicarbon. | Re 
ate buffer at the physiological concentration (0.025 M) was used. With | Su 
respect to ability to form complex uranyl compounds, bicarbonate is the 
most important anion in blood ultrafiltrate (6). Though 0.025 m bicarbon- 
ate is not an efficient buffer, the pH remained between 7.2 and 7.3 in nearly } 
all cases. Sol 

In these studies, all solutions were made by diluting aliquots of a satu- | bor 
rated stock solution of uranium containing equimolar quantities of 
UO.(CH;COO). and sodium acetate with a concentrated solution of 
sodium bicarbonate. Sodium acetate was added to reduce the acidity of 











F 
the uranyl salt; the additional acetate could not introduce a measurable > 
error because of the very low affinity of acetate for uranyl ions (6). The u 
final uranyl bicarbonate solutions were then equilibrated at atmospheric | é 

TaBLeE I 2 
Effect of Buffer on Fixation of Uranium z 
Medium | Initial solution | Final solution | Bis ns 4 : 
iri > U per mi. 7 U per mi. per cent 
Rees foie Oia Oats wa Ne hs MCR 24 4.1 83 
24 4.1 83 
SN IND i ok sh atene dane nti cps aad 19 3.9 79 
21 3.9 86 
pressure with a mixture of 5 per cent CO, and 95 per cent Os» to adjust the 
pH. The solution was added to centrifuge tubes containing the bone 
sample always in the proportion of 1 ml. of solution to 2 mg. of ash and 
reequilibrated with the CO.-O, mixture. The tubes were then sealed with 
paraffin-coated corks and shaken at room temperature for 48 hours. 
Preliminary tests (7) showed the following. No significant loss of C0; Fre 
occurred during the shaking. There was no adsorption of uranium by the 
glass or paraffin-coated stoppers. The distribution of uranium between | iratic 
the ash and the solution reached an apparent equilibrium in 48 hows. | 1500 
There was no significant shift in this equilibrium when the equilibration | and t 
temperature was raised to 37°. There was a marked difference in the the w, 
uranium uptake if the ratio of weight of bone ash to volume of solution | parts 
were varied. As indicated in Table I, results obtained with an ultra these 
filtrate of beef blood as the equilibrating fluid were almost identical with | three 
those obtained with the usual bicarbonate buffer. | ™ 
€ 


The solutions, before and after equilibration with bone, were analyze 
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for uranium by the fluorophotometric method (8) and the differences 
calculated as the amounts removed by bone. Analyses for calcium by the 
Roe and Kahn method (9) and phosphorus analyses by the Fiske and 
Subbarow method (10) were also made on the solutions at equilibrium. 


Results 


Effect of Varying Uranium Concentration on Transfer of Uranium from 
Solution to Bone—The essential information on the uptake of uranium by 
bone ash zn vitro was obtained by maintaining the bicarbonate concen- 
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Fig. 1. The adsorption of uranium on bone ash. See the text for explanation. 


tation at 0.025 m while varying the uranium concentration from 5 to 
1300 y per ml. The distribution of uranium between the mineral phase 
ind the solution at equilibrium as plotted on a log-log scale is shown in 
the upper curve in Fig. 1. This curve can be divided into three distinct 


_ parts (Phases I, II, and III). The concentrations of Ca and P found in 


| 


these equilibrium solutions are also plotted in Fig. 1, and the curves show 
three distinct phases coincident with those of the curve of the uranium 


| distribution. 


nalyzed The disappearance of uranium from solution could be attributed to 
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several factors among which adsorption, precipitation, or ionic exchange 
seemed most likely. To determine whether the uranium was transferred 
as a soluble or insoluble compound, a study was made of its solubility in 
the solutions employed. When uranium was added to solutions of bi- 
carbonate which had been previously saturated with bone ash, precipitates 
appeared which were found to be a mixture of neutral uranyl phosphates, 
Accordingly, a more critical study of the solubility of uranyl phosphate 
in the presence of bicarbonate and calcium was made. 

Solubility of Uranium in Saturated Solutions of Bone Ash—The “‘satu- 
rated’”’ solutions were prepared by shaking bone ash for 48 hours with 
uranium-free, CO2-equilibrated 0.025 m NaHCO; in the proportion of 1 ml. 
of solution to 2 mg. of ash. Such solutions contained consistent quantities 
of Ca and P, averaging 5.8 and 6.8 y per ml. respectively. After removing 
the undissolved ash, uranyl acetate was added to make concentrations 
varying from 80 to 400 y of U per ml. The appearance of precipitates in 
these solutions was erratic but was aided considerably by the addition of 
solid sodium chloride. Rarely, a flocculent, yellow precipitate appeared 
immediately in solutions containing as little as 80 y per ml. of uranium. 
Occasionally, at uranium concentrations of greater than 200 y per ml., 
only a slight turbidity occurred, even after the addition of salt. The 
precipitates were collected and washed several times with distilled water. 
Analysis of all precipitates showed that uranium and phosphorus were 
present in a molecular ratio of approximately 1. A thorough analysis of 
one such residue showed it to contain 54 per cent uranium, 6.8 per cent 
phosphorus, 4.3 per cent sodium, 0.88 per cent Ca, and 0.10 per cent 
magnesium.! The amount of carbonate present was probably negligible, 
since no evolution of carbon dioxide could be detected upon addition of 
acid. This composition suggested that the precipitate was a mixture ol 
neutral uranyl phosphates such as described by Chretien and Kraft (11). 
Assuming the presence of 3 moles of water of crystallization per mole of 
uranium, the composition found agrees with that calculated for a mixture 
of Na(UO.)(PO,), Ca(UO2)2(PO.4)2, and Mg(UO,)2(PO,)2 in a molar ratio 
of 23:2.7:1, respectively. Since the precipitates were formed by a drastic, 
salting-out procedure, it cannot be claimed that precipitates formed on the 
bone surface would have comparable proportions of the cations. How- 
ever, the results demonstrate that the formation of such mixtures of uranyl 
phosphates in the equilibrium solutions is possible. Such precipitates, if 
formed in the experiments described above, would increase the quantity 
of uranium calculated as that removed by bone. 

Solubility of Uranium in Synthetic Bone Ash Solutions—The solubility 


1 Mg was determined spectrographically by Dr. L. Steadman. Na was determined 
by Dr. J. Holler using a flame photometer. 
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behavior of uranyl phosphates was investigated quantitatively in synthetic 
solutions in which Ca and P were maintained at the concentrations found 
in the saturated solutions of bone ash; 7.e., bicarbonate (as NaHCOs) at 
0.025 m and calcium (as CaCl) and phosphorus (as Na:zHPQ,) each at 
6yper ml. The range of concentrations of uranium (as UO.(CH;COO).) 
employed was the same as in the previous bone ash experiments, i.e. from 
27 to 1500 y of U per ml. The solutions (whether or not precipitates were 
present) were equilibrated with 5 per cent CO.-95 per cent O» at atmospheric 
pressure and allowed to stand for 3 days. They were then centrifuged 
without the addition of salt and the supernatant solutions were analyzed 
for uranium and phosphorus. These data are, in part, presented in Fig. 2. 
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Fig. 2. The precipitation of uranyl phosphate from bicarbonate buffer at various 
concentrations of uranium. 


As in the case of the bone ash-urany] bicarbonate system, and at equiva- 
lent concentrations of uranium, the solubility results may be divided into 
three phases (Fig. 2). In solutions containing uranium at concentrations 
of 150 to 450 y per ml., precipitates of uranyl phosphates exhibiting U:P 
ratios of approximately 1 appeared consistently as indicated by the cross- 
hatched areas. In a few tests, precipitation occurred outside of these con- 
centration limits (indicated by arrows). If, however, sodium chloride 
were added, precipitation took place at all uranium concentrations above 
807 per ml. Apparently, between 80 and 150 y per ml. and above 450 y 
per ml., the precipitate tended to remain suspended in a colloidal state. 

This information clarified the results presented in Fig. 1. During 
Phase I, below 80 y of U per ml., uranium remained soluble. It was, 
however, taken up by the ash, possibly in exchange for Cat*+, since the 
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amount of calcium in the solution increased as more uranium was taken up 
by the ash phase. During Phase II, the solubility of uranium was exceeded 
and uranyl phosphates precipitated on the bone particles, resulting in g 
sharp, simultaneous loss of uranium and phospha’‘e from solution, with ay 
increase in calcium from further solution of bone as phosphate was removed 
from solution. During Phase III, the precipitation was reversed, and 
greater quantities of uranium and phosphate were found in the solutions at 
equilibrium, probably as colloidal uranyl phosphates, since calcium re. 
mained elevated. 

Reversibility of in Vitro System—The reversibility of the bone ash- 
bicarbonate buffer system was demonstrated in the following experiment, 
After the usual 48 hour equilibration with uranium, the supernatant solu- 
tion was aspirated from the bone and replaced by an equivalent amount 
of bicarbonate solution which was uranium-free but had previously been 
equilibrated with bone ash. The tubes were then shaken for another 48 
hours by which time a new equilibrium was shown to have been attained. 


TaBLeE II 
Reversibility of Bone Ash-Bicarbonate Buffer System 


Total uranium present Uranium in solution at Uranium in bone at Theoretical for bone at 2nd 


initially in bone equilibrium equilibrium equilibrium (from Fig. 1 
per ml.* y per ml. mg. per gm. ash mg. per gm. ash 
21.4 ie | 10.2 10.0 
99 | 24 37.5 34.0 


* The concentration of uranium initially present in bone was calculated as its 
equivalent in y per ml. of solution for purposes of comparison. 


The uranium concentrations in the solution initially added to impregnate 
the bone and in the two successive equilibrium solutions were determined. 
With these data, calculations could be made of the amount of uranium 
which was taken up and the amount subsequently given off by the bone 
ash. If the equilibrium were reversible, the final bone to solution distri- 
bution of uranium would be the same in systems containing an equivalent 
amount of uranium whether that uranium resided initially in the bone 
or in the solution. Data obtained from the curve in Fig. 1 served as 4 
comparison and are given in the last column of Table II. Within the 
limits of experimental error, the results obtained from two experiments 
indicated a complete reversibility. 

Comparison of Uranium Fixation in Fresh and Ashed Bone—lIn a few 
experiments, fresh bone was substituted for bone ash. Such an expeti- 
ment is reported in Table III. In view of the fact that ash constitutes 
70 per cent of the fresh, dried bone, it was surprising that fresh bone re 
moved only 12 per cent as much uranium as did bone ash. It was found 
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that a 7-fold greater quantity of fresh bone (14 mg.) was approximately 
equivalent in adsorptive power to the usual amount (2 mg.) of bone ash. 
Because of the lower affinity of fresh bone for uranium, there seemed 
reasonable doubt that the ion transfer mechanism observed in vitro could 
account for the skeletal deposition of uranium in vivo. In rats, following 
an injection of 2.5 mg. of U per kilo, the blood uranium decreases from an 
estimated 36 y of U per ml. to less than 0.1 y of U per ml. in a few hours, 
in which time 60 per cent of the dose appears in the urine (1). Simultane- 
ously, the remaining 40 per cent is deposited principally in the skeleton, 
resulting in concentrations as high as 50 y of U per gm. of bone ash (1). 
To duplicate these conditions roughly, the following experiment was 
conducted. Assuming the rat to consist of 25 per cent extracellular fluid 
and 6 per cent bone (dry weight), the ratio of bone to fluid is roughly 1:4. 
Powdered, fresh bone was added in a ratio of 1:4 to bicarbonate buffer 
containing 14 y of U per ml. (40 per cent of 36 y per ml.). At equilibrium, 
the concentrations in the bone and solution were 56 y of U per gm. of ash 


TaB_e III 
Comparison of Fresh and Ashed Bone with Respect to Fixation of Uranium 
Uranium in solution initially, 38 y per ml. 





7 Uranium in bone at 
No. of samples equilibrium 
mg. per gm. 
N,v 5,3.4-s0h + Kod ee ye aeaee renee | 12 3.4 
iil ee MR SRE TE a | From curve in 13.5 
Fig. 1 








and 0.053 » of U per ml. respectively, duplicating the results of studies 
in vivo. 


DISCUSSION 


Over the range of concentrations observed in blood during uranium 
poisoning (1) (corresponding to Phase I) uranium was found to be com- 
pletely soluble under our experimental conditions. None the less, uranium 
was transferred from solution to bone. The distribution of uranium 
between solution and bone was found to be dependent upon the relative 
amounts of the two phases, suggesting a surface-limited reaction. The 
fact that the equilibrium was relatively unaffected by variations in particle 
size might be considered as contrary evidence were it not for the demonstra- 
tion (12) that the surface area of bone ash is not a function of particle size. 
As seen in Fig. 3, the data, plotted as a typical sigmoid curve (interrupted 
by Phase II), suggested that the equilibrium, at these concentrations, con- 
formed to the laws governing dissociation. Further, the transfer was 
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found to be completely reversible, and was insignificantly affected by 
temperature changes. 

A surface-limited reaction involving dissociation is suggestive of an jon 
exchange process. Such a process has been demonstrated for the inter. 
action between bone ash and phosphate buffer (12). 

If an ion exchange is responsible for the transfer of uranium from goly. 
tion to bone, the ion most likely to be exchanged for UO,** is Cat*+. That 
calcium took such a part in the exchange was suggested by the increased 
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Fig. 3. The relation between concentration of uranium in solution and in bone ash 
plotted as a dissociation phenomenon. 


calcium content of the equilibrium solutions when greater quantities o! 
uranium were added to the bone ash-buffer system. Subsequent studies 
have confirmed this suggestion. 

The maximum quantity of uranium held by bone ash may be estimated 


from Fig. 3 to be of the order of 48 mg. per gm. or 0.2 mm per gm. The | 


only anionic grouping present in the bone surface in a concentration high 
enough to account for this binding capacity is phosphate, 0.55 mm per 
gm. (13). 
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The equilibrium distribution of uranium between bone and solution 
was strongly in favor of bone. At the lowest point on the curve (Fig. 1) 
where there was insufficient uranium to satisfy the available binding 
capacity of bone, the concentration of uranium in ash was 20,000 times that 
in solution. Even as the binding capacity approached saturation (end of 
Phase I), the distribution favored bone by a factor of 400. Thus, the 
ionic transfer of uranium from solution to bone is of such a magnitude as 
to account quantitatively for the deposition of uranium in the skeleton 
in vivo. 


SUMMARY 


Bone ash and fresh bone were equilibrated with uranium in a bicarbonate 
buffer under a variety of conditions, especially those considered to simulate 
conditions existing in the animal during uranium poisoning. Observa- 
tions of the transfer of uranium from the solution to the bone phase and 
the simultaneous solution of calcium and phosphorus suggested that the 
mechanism of fixation at concentrations of uranium occurring in vivo 
involves an ionic exchange between uranium in solution and some group 
(probably Ca) on the surface of the bone crystals. This was substantiated 
by a study of the solubility of uranium in the solutions employed. The 
ionic exchange occurring zn vitro quantitatively accounts for the deposition 
of uranium in the animal skeleton, 
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Studies of the transfer of uranium from bicarbonate buffer to various 
bone preparations in vitro (1) indicated that the fixation of uranium was 
for the most part a surface phenomenon involving ionic exchange. It was 
also noted that two different bone preparations varied markedly in their 
ability to adsorb uranium. Glycol-ashed bone was much more effective 
than fresh bone of the same particle size. 

This is a report of a series of investigations of the ionic exchange mecha- 
nism. First, a comparison was made of the ability of three bone prepa- 
rations to adsorb uranium in vitro with their ability to exchange phosphate 
and calcium ions. Second, a study was made of the effect of a preliminary 
saturation of glycol ash with uranium on its phosphate and calcium ex- 
changeability. The results from both investigations confirmed the view 
that uranium fixation by bone does involve an ionic exchange. 


EXPERIMENTAL 
Methods 


Three bone preparations from the shafts of the long bones of rabbits 
were tested: (a) fresh bone, dried to constant weight, and ground to a 
particle size between 60 and 120 mesh; (6) glycol ash, obtained by boiling 
fresh bone in alkaline glycol at a temperature of approximately 200° (2), 
also ground to a 60 to 120 mesh size; (c) “glycol-muffle ash,” obtained by 
heating glycol ash in a muffle furnace at 400° for 6 hours followed by 6 
hours at 700°. 

The method of equilibrating bone preparations with bicarbonate buffer 
containing uranium was the same as that reported earlier (1). Phosphate 
exchange was studied with the techniques reported by Falkenheim, 
Neuman, and Hodge (3) in which an equilibration of the bone preparation 
at pH 7.3 with 0.0013 m phosphate buffer containing P** is used. Similar 


*This paper is based on work performed under contract with the United States 
Atomic Energy Commission at the Atomic Energy Project of The University of 
Rochester, Rochester, New York. 
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procedures! were used for calcium exchange except that the equilibration er 
solution was unbuffered (pH 6.7) and contained only calcium chloride of 
with added Ca*. 

A modification? in the method of calculating exchange data (3) was | 
made. This modification corrects for small order changes in the concen- bo 
tration of the exchangeable ion in the solution phase which occur occa- of 
sionally during equilibration. 

Uranium was determined by the fluorophotometric method (4), phos- 
phate by the method of Fiske and Subbarow (5), and calcium by the 
method of Roe and Kahn (6). 


ret 


Results 


It was noted that bone preparations which had been ashed in alkaline 
glycol removed uranium from bicarbonate buffer, whereas bone prepa- 
rations ashed at high temperature in a muffle furnace did not. To clarify 


TABLE I 


Effect of High Temperature Ashing on Uptake of Uranium and Exchange of Phosphorus 
and Calcium 


Preparation U uptake* P exchanget Ca exchanget 


mg. per gm. ash per cent per cent 


Da vias wees gMOhs Wie dewodenre 37 8.8 13.8 
NIMS pire ei tiene bimireen. <5 0 0.5 2.3 





Each value represents an average of three samples. 
* Initial concentration in solution was 100 y per ml. 
+ The exchange values were obtained from a 48 hour equilibration. 


this problem, a glycol ash preparation was further treated in a muffle 
furnace at 700° and the uranium uptake and phosphate and calcium ex- 
change of this preparation were compared with that of the original glycol 
ash. The results are given in Table I. Within the limits of experimental 


1 Falkenheim, M., Underwood, E., and Hodge, H. C., unpublished results. 

2 The earlier (3) method of calculation was based on the assumption, that, at equi- 
librium, the ratio of radioactive to normal isotope was identical in the two systems: 
in the solution and in the exchangeable fraction of the insoluble phase. The new Fy 
calculation is based on the standard ‘‘isotope dilution’ technique. The assumption exch: 
in this case is that, at equilibrium, the dilution of the radioisotope to the normal from 
isotope in the solution is a measure of the amount of normal isotope contributed by 
the insoluble phase. The calculation is Cg = ((C, X Ri)/R.) — Ci, where Cp = mg. port 
of exchangeable ion in the bone phase, C, = mg. of exchangeable ion in the solution adso 
phase at equilibrium, R; = total radioactivity of ion added to solution phase ini- 


tially, R. = total radioactivity remaining in the solution phase at equilibrium, and stud 
C; = mg. of exchangeable ion in the solution phase initially. From the equation in Fj 
above, the per cent ion in bone which is exchangeable = (Cg/(mg. total ion in the calej 


bone phase)) X 100. ratio 
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error, the high temperature treatment completely prevented the transfer 
of uranium from the buffer to bone. Calcium exchange was markedly 
reduced and phosphate exchange nearly abolished. 

As noted previously (1), fresh bone was less effective than glycol-ashed 
bone in binding uranium in vitro. The phosphate and calcium exchange 
of this fresh bone was also studied. To insure that the lower results re- 
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Fig. 1. A comparison of the ability of ashed and fresh bone to adsorb uranium and 
exchange calcium and phosphate. The curve for uranium uptake by ash is taken 
from previous studies (1). 


ported previously could not be attributed to a slower rate of reaction, the 
adsorption of uranium and the exchange of calcium and phosphate were 
studied over a period of 6 to 8 days. The data are presented graphically 
in Fig. 1. Although not reduced as markedly as the uranium uptake, both 


calcium and phosphate exchanges were much lower in the fresh bone prepa- 
ration. 
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If uranium were adsorbed on the bone surface by a mechanism involving 
ionic exchange, it would follow that the ion for which the uranium ex. 
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phate, as seen in Fig. 2. The adsorption of 1 mole of uranium reduced dae 
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DISCUSSION 


The observation that high temperature ashing prevents the fixation of 
uranium by bone confirms the results of previous solubility studies (1) 
which showed that the fixation process did not involve a precipitation of 
uranyl phosphate. The change in composition of the insoluble phase 
(bone ash) resulting from high temperature treatment would not be ex- 
pected to influence a precipitation reaction so markedly. 

On the other hand, all of the experiments described in this report demon- 
strate the correlation between the amounts of surface calcium and phos- 
phate (exchangeable) in the various bone preparations and their ability 
to fix uranium. ‘This strengthens the view that the mechanism of fixation 
involves ionic exchange. 

The ion in the bone surface most likely to be exchangeable with the 
uranyl ion (UO.**) would be calcium (1). It would be expected, there- 
fore, that bone samples impregnated with uranium would contain a smaller 
amount of exchangeable calcium. As indicated in Fig. 2, this was found to 
be true. It was surprising, however, that 1 mole of uranium replaced 2 
moles of calcium. Both are divalent ions. It was also surprising that 
surface phosphate, too, was rendered non-exchangeable to the extent of 2 
moles per mole of uranium bound by the bone. The significance of this 
finding will be discussed in a later publication (7). 

Apart from the problem of uranium deposition, data have been obtained 
bearing on the crystalline structure of bone mineral. On a percentage 
basis, approximately twice as much calcium as_ phosphate was found to 
be exchangeable, indicating that the surface of the crystal contains a higher 
concentration of calcium than does the interior. A simple calculation 
shows the Ca:P ratio in the surface is of the order of 4. Most of the non- 
phosphate anions in bone must therefore be associated with surface cal- 
cium, an idea expressed 8 years ago (8). Further studies on this interesting 
problem are desirable. 


SUMMARY 


Previous studies have indicated that the fixation of uranium by bone is, 
for the most part, a surface phenomenon involving ionic exchange. The 
results in this report confirm this view. First, a correlation was demon- 
strated between the magnitude of the fraction of exchangeable calcium 
and phosphate of bone preparations and their ability to fix uranium. 
Second, the presence of adsorbed uranium inhibited the exchange of cal- 
cium and phosphate of bone. 


The authors gratefully acknowledge the assistance of E. Underwood in 
the analysis of calcium and radioactivity measurements. She kindly 
furnished the data on calcium exchange presented in Fig. 1. 
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Previous studies have indicated that the deposition of uranium in bone 
js a surface-limited reaction involving an exchange of the uranyl ions of 
the solution for some ion in the surface of the mineral phase of bone, 
probably calcium (1, 2). As a further test of the exchange hypothesis, a 
series of ion competition experiments was conducted, in which the effects 
of varying concentrations of hydrogen, bicarbonate, phosphate, and cal- 
cium ions were observed. Evidence was obtained which confirmed the 
exchange hypothesis and established calcium as the principal surface ion 
in bone which uranium displaces. 


EXPERIMENTAL 
Methods 


In these experiments, only bone which had been ashed in alkaline glycol 
(3) at 200° was employed. The method of equilibrating bone ash with 
bicarbonate buffer containing uranium has been reported earlier (1). 
Analyses for uranium were made by the fluorophotometric method (4), 
phosphorus by the method of Fiske and Subbarow (5), and calcium by the 
Roe and Kahn (6) procedure. 


Results 


Uranium Deposition in Bone Ash with Varying Concentrations of Bi- 
carbonate and Hydrogen Ions—When the concentration of uranium was 
kept constant (at 87 y per ml.) and the concentration of bicarbonate in- 
creased in the solution phase, decreasing quantities of uranium were taken 
up by the bone ash. A semilog plot of these data including the pH changes 
involved is presented in Fig. 1. 

The decrease in uranium uptake was due, in part, to the increase in 
pH coincident with increasing concentrations of bicarbonate. This was 


*This paper is based on work performed under contract with the United States 
Atomic Energy Commission at the Atomic Energy Project of The University of 
Rochester, Rochester, New York. 
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demonstrated by lowering the pH of a concentrated bicarbonate medium to 
6.7 by equilibration with 100 per cent CO.. The uranium deposition wag | 
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Initial some uranium in | pH | Concentration of uranium in bone® 
eee et! ee - at ere 
y per ml. | mg. per gm 
45 | 7.45 17 a 
| 8.00 12.7 a 
114 7.51 35 
8.00 26 
145 | 6.00 71 { 
| 7.30 44.5 
* Each value represents an average of two samples. 
then shifted toward the theoretical level for a system containing dilule 7 


bicarbonate at pH 6.7 (equilibration with the usual 5 per cent CO:). 
This pH effect was confirmed in preparations of 0.025 m bicarbonate carb 

containing various concentrations of CO, and uranium. Equilibration in Ts 

with different concentrations of CO, would not materially alter the bi- Ur 
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in Solution—To a series of solutions in which the uranium (45 y per ml.) 
and the bicarbonate concentrations (0.025 m) were kept constant, varying 
quantities of CaCl, or NagHPO, were added. Excess calcium ions reduced 
the amount of uranium taken up by bone and also reduced the phosphorus 
in solution. At equilibrium, as illustrated in Fig. 2, an inverse relation- 
ship (log-log plot) was observed between the concentration of calcium and 
phosphate. Therefore, although an increase in the Ca:P ratio markedly 
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Fig. 3. Data illustrating the direct competition between calcium and urany] ions 
for bone. 


decreased the deposition of uranium, it was impossible to demonstrate 
whether the effect could be attributed to calcium or phosphate. It was 
necessary to examine correlative data. 

It was observed that, at pH 8, the progressive addition of uranium to 
the system invariably resulted in an increase in the concentration of 
calcium in the equilibrium solution without the usual corresponding 
decrease in the phosphate concentration. These data are assembled in 
Table I. 

Therefore, it seems reasonable to assume that, at pH 7.3, the effect 0! 
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varying Ca:P ratios on the deposition of uranium may be due to variations 
in the calcium ion. The concurrent changes in phosphate concentration 
may be attributed to the limited solubility of some compound of calcium 
and phosphate. 

With this assumption, it is evident that a direct competition exists 
between calcium and uranium for the combining sites on the bone phase. 
Fig. 3 illustrates this competition by showing the linear relationship 
(log-log plot) between the concentrations of calcium and uranium in the 
equilibrium solution and the inverse relationship between calcium in solu- 
tion and uranium in bone. 


DISCUSSION 


With the observations reported above, sufficient data (i, 2, 7, 8) have 
now been accumulated to permit a general description of the mechanism 
by which uranium is deposited in bone. 

The mechanism of uranium’s nephrotoxic effects has been recently 
reviewed (9). A brief summary of this information is pertinent to the 
present discussion. To elucidate the mechanism of the toxicological action 
of uranium, Dounce and Flagg (10) investigated the chemical behavior 
of uranium under physiological conditions. Their studies demonstrated 
that very little uranyl ion (UO,**) exists in solution at pH 7.2. Rather, 
most of the uranium forms complexes with various organic and inorganic 
anions. The complexes of uranium with proteinate, bicarbonate, and 
acetate were investigated in detail; only preliminary studies were made of 
complexes of uranium with malate, citrate, and organic and inorganic 
phosphates. Based on these chemical studies, the metabolism of hex- 
avalent uranium was formulated as follows: In the animal, uranium is 
carried in the blood principally in two forms, an indiffusible fraction which 
is protein-bound (about 40 per cent) and a diffusible fraction consisting 
largely of the uranyl bicarbonate complex (about 60 per cent). These 
two fractions are in equilibrium, so that removal of the diffusible portion 
results in a dissociation of the protein-bound fraction. Under physiologi- 
cal conditions, the uranium in combining with protein causes little or no 
denaturation. Cellular damage occurs in vivo only when there is insufficient 
bicarbonate and other organic anions to keep uranium in the form of a 
diffusible complex ion, viz. in the kidney tubule. The diffusible bicarbonate 
complex of uranium is filtered through the glomerulus and as the glomerular 
filtrate passes through the tubule, bicarbonate ion is resorbed. Con- 
current with the fall in bicarbonate concentration, the dissociated uranyl 
ion is free to combine with active groups on the surfaces of the cells lining 
the tubules, ultimately resulting in cellular damage. 

Data on the distribution and excretion of administered uranium (11) 
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showed that uranium is deposited in vivo in two principal sites: the kidney 
and the skeleton. The mechanism of the deposition of uranium in kidney 
has been adequately explained (9), as reviewed above. It was the purpose 
of our studies to elucidate the mechanism by which administered uranium 
becomes fixed in the skeletal system. 

It has not been established whether cellular activity takes part in the 
fixation of uranium by bone in vivo. However, the equilibration of ground 
bone (fresh and ashed) with dilute solutions of uranium in vitro has con- 
sistently resulted in a transfer of uranium from the solution to the solid 
phase. Further, the order of magnitude of this transfer was such that any 
process involving cellular activity per se must be considered quantitatively 
unimportant (1). 

Studies of the solubilities of uranyl phosphates (1) have revealed that, 
in the presence of bicarbonate, uranyl phosphates precipitate only at con- 
centrations of uranium higher than those attained in vivo. 

Thus, some form of surface activity appeared responsible for the fixation 
process. Substantiating evidence was required, together with the identif- 
cation of the surface group or groups involved. 

It was found that the distribution of uranium between the solution and 
the solid phase was a function of the ratio of the amounts of the two 
phases (1), strongly indicating a phase-limited reaction. When the ratio 
of solution to bone ash was kept constant, a plot of the amount of uranium 
added against the amount of uranium adsorbed by bone resulted in an 
S-shaped curve, indicating that the phenomenon followed the law of mass 
action. The dissociation of the bone-uranium combination, however, 
was extremely low. Confirming the dissociation concept was the observa- 
tion that the equilibrium was reversible and relatively unaffected by 
temperature variation (1). 

The principal surface groups capable of chemical union with uranium 
can be listed: protein carboxyl, carbonate, and phosphate. Protein 
carboxyl can be eliminated for three reasons: (a) the number of groups 
could account for only a few per cent of the total binding capacity; ()) 
ashed bone, free of protein, was more efficient in adsorbing uranium than 
fresh bone (1); and (c) protein-bound uranium has been found to be highly 
dissociated (10). Carbonate groups could not be responsible for the affinity 
of the bone mineral for uranium for two reasons: (a) the number of car- 
bonate groups present in bone could account for only a few per cent of the 
total binding capacity, and (6) since uranyl complexes of the type UO;—0— 
CO—R are highly dissociated (10), it may be concluded that carbonate 
groups of the bone surface can bind uranium only by forming a complex 
of a more complicated multivalent type. In solutions containing a0 
excess of either bicarbonate or carbonate ions, uranium forms a complex 
ion of the type UO2(CO;)z or possible UO.(COs)F (10), which are relatively 
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undissociated. Though such a complex ion might be physically adsorbed 
on a mineral surface, it seems unlikely from spatial considerations that 
such a complex could be formed with separated carbonate groupings in a 
highly oriented crystal lattice. 

The evidence favored the implication of surface phosphate groups. 
Further indication of this was the demonstration of a good correlation 
between the number of surface (exchangeable) phosphate groups in various 
bone preparations and their respective affinities for uranium (2). Ortho- 
phosphate forms a relatively dissociated! though sparingly soluble complex 
with uranium. At first consideration, this finding appears incompatible 
with the low dissociation of the bone-uranium combination (1). However, 
uranyl pyrophosphate has been demonstrated! to be only slightly dissoci- 
ated (K about 5 X 10~*). Since it has been found that the fixation of 1 
mole of uranium renders 2 moles of the bone’s surface phosphate non- 
exchangeable (2), it appears likely that uranium combines with two adjacent 
phosphate groups in the mineral surface, structurally analogous to uranyl 
pyrophosphate. Existing data (11) on the arrangement of phosphate 
groups in the apatite crystal indicate that such a combination is structurally 
feasible. Quantitative considerations support this hypothesis. Recalcu- 
lation of data presented earlier (1) shows that the maximum capacity of 
bone ash for uranium is approximately 40 per cent of the number of surface 
(exchangeable) phosphate groups. This is in surprising agreement with 
the theoretical limit of 50 per cent, if one considers the possible space 
limitations. — 

In combining with surface phosphate groups, uranium must displace 
some cation or cations. The weight of evidence (1, 2) indicated that cal- 
cium was the principal cation undergoing exchange with uranyl ion. 
The demonstration of a direct competition between calcium and uranium 
for the bone surface substantiates this view. 

As in the case of calcium, increasing the concentration of bicarbonate 
in solution reduced the amount of uranium taken up by bone ash. This 
can be interpreted as direct competition between bicarbonate ion (which 
forms a relatively undissociated complex with uranyl ion (10)) and the 
surface phosphate group for uranium. The reduced uranium adsorption 
observed at elevated pH is somewhat more complicated but, in part, may 
be viewed as a competition between surface phosphate groups and hydroxyl 
ions. These results, though interesting from a theoretical standpoint, 
have proved of little practical significance. Alkali feeding did not increase 
the rate of removal of uranium deposited in the skeleton of the rat (7). 
High calcium diets have not, as yet, been tested. 

The mechanism described above for the fixation of uranium by bone is 


‘W. F. Neuman and J. Havill, unpublished polarographic studies; also, A. Roth- 
stein and R. Meier, unpublished results. 
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based entirely upon the results of studies of bone preparations in vitro, 
In translating this mechanism to the situation obtaining in vivo, many 
additional variables are encountered. Such factors as crystal size, crystal 
growth, recrystallization rate, rate of fluid exchange, etc., may be expected 
to vary from one area to another. These variables may be expected to 
alter quantitative aspects of the deposition resulting in an unequal dis- 
tribution of uranium throughout the skeleton similar to that actually 
observed (8). 


SUMMARY 


In studying the deposition of uranium in bone, a series of ion competition 
experiments was conducted, in which the effects of varying concentrations 
of hydrogen, bicarbonate, phosphate, and calcium ions were observed. 
Evidence was obtained which confirmed the hypothesis that calcium is the 
surface ion in bone which uranium displaces. All available data have 
been summarized and the mechanism of the deposition of uranium in bone 
is discussed in detail. 
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STUDIES OF THE COMPOSITION OF THE LIVETIN 
FRACTION OF THE YOLK OF HEN’S EGGS 
WITH THE USE OF ELECTROPHORETIC 
ANALYSIS 


By CHARLES C. SHEPARD anp GEORGE A. HOTTLE 


(From the Laboratory of Infectious Diseases, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, November 24, 1948) 


Investigations of the antigens of rickettsiae grown in the yolk sacs of 
embryonated hen’s eggs have led us to the examination of the yolk of non- 
embryonated eggs (1, 2). The proteins present in the yolk are generally 
considered as two fractions, lipovitellin and livetin, which are differentiated 
according to their solubility in salt solutions. When an egg yolk suspen- 
sion containing 10 per cent sodium chloride is extracted with ethyl ether, 
a clear aqueous solution results. If the solution is dialyzed against dis- 
tilled water, or poured into 9 volumes of distilled water, a precipitate forms 
which has been called lipovitellin. This lipoprotein has been studied, for 
example, by Chargaff (3) who was able to obtain preparations of constant 
composition. ‘The Sharples supercentrifuge has been employed by Alder- 
ton and Fevold (4) to precipitate lipovitellin from egg yolk, and the effluent 
has been shown by Fevold and Lausten (5) to contain another lipoprotein, 
termed lipovitellenin, which is soluble only in 10 per cent sodium chloride 
saturated with ether. Few reports, however, could be found on that por- 
tion of egg yolk which is soluble at salt concentrations near isotonicity, 
and it is this material which one encounters in many antigens prepared 
from infected yolk sacs. 

In the present work on the livetin fraction, electrophoretic analysis has 
been frequently applied and, because clear solutions were essential, con- 
siderable time was spent in developing methods of preparation. Although 
it was possible to obtain sufficiently clear preparations by adequate ether 
extraction, an additional method was developed whereby clear solutions 
were prepared without ether extraction. The results of electrophoretic 


analysis of these preparations show that the livetin fraction is a fairly com- 
plex mixture. 


Electrophoresis 


The Longsworth modification (6) of the Tiselius apparatus has been used 
lor electrophoretic analysis. Unless otherwise stated, the buffer solution 
consisted of 0.0253 m disodium phosphate, 0.00133 m monopotassium phos- 
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phate, and 0.0218 m sodium chloride, pH 7.95, and ionic strength 0.099. A 
field strength of about 6 volts per cm. was employed in most cases for 180 
minutes. Areas were measured under peaks of the descending side only 
and mobilities were estimated from the distance between the peak in ques- 
tion and the « peak. 


Methods for Preparation of Livetin 


Method A—Unless otherwise specified, ether-extracted preparations were 
obtained as follows. The egg yolks were separated, washed in tap water, 
and then broken up. After adding 2 volumes of 0.85 per cent sodium 
chloride, the mixture was filtered through cotton and was shaken thor- 
oughly with about 2 volumes of ether and allowed to stand overnight at 
room temperature. The clear aqueous layer was drawn off and again 
shaken with 2 volumes of ether. In this manner, a total of six ether ex- 
tractions was carried out, and a clear aqueous solution of yolk components 
was obtained. 

When the dissolved ether was removed from the aqueous solution by 
suction with a water pump, a precipitate appeared. This precipitate was 
centrifuged and retained for further study. The supernatant was dialyzed 
against the buffer used for electrophoresis. A small amount of precipitate 
formed during dialysis, but the solution could usually be clarified by centrif- 
ugation. 

If the ether extraction was carried out incompletely, for example, by 
only one or two extractions, the precipitate mentioned above did not 
appear. There was some difficulty in securing solutions clear enough for 


electrophoresis, because an increase in turbidity usually took place after — 


pumping off the dissolved ether and after dialysis against the buffer; only 
by prolonged centrifugation and filtering were clear solutions subsequently 
obtainable. 

Method B—To prepare yolk proteins without the use of ether, the egg 
yolks were treated as described above and 1 volume of 0.85 per cent sodium 
chloride was added before filtration through cotton. The filtrate was then 
dialyzed against 0.85 per cent sodium chloride for about 1 week in the re- 
frigerator. Fresh 0.85 per cent sodium chloride solution at room tempera- 
ture was added morning and night. At the completion of dialysis, prepara- 
tions have been found to contain about 12 per cent of ether-extractable 
solids and about 9 per cent of solids which were not dialyzable and not ex- 
tractable with ether. At this stage a precipitate was present which con- 
tained little ether-extractable material, but did contain about one-fourth 
of the non-dialyzable, non-extractable solids. The precipitate was I 
moved by centrifugation. 

The supernatant solution was then diluted with 0.5 volume of distilled 
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water to lower the molarity of sodium chloride to about 0.1, and the solu- 
tion was adjusted with hydrochloric acid to pH 6.0 to 6.2 as measured by 
the glass electrode. A voluminous, yellow, flocculent material separated 
and rose to the top of the suspension. This material contained about 70 
per cent ether-extractable solids and was difficult to separate completely 
from the solution. By allowing the suspension to stand in the cold (6°) a 
few hours in a separatory funnel, the lower phase could be drawn off and 
clarified by filtration, first through a porcelain filter, then through a Seitz 
sterilizing pad. ‘The filtrate which contained about 3 per cent non-dial- 
yzable solids and 1.3 per cent ether-extractable material was usually clear 
enough for electrophoresis. When the filtrate was not satisfactory, it could 
be adequately clarified by dialyzing overnight in 10 volumes of distilled 
water. Subsequent filtration through a Seitz sterilizing pad resulted in a 
clear solution. 

Precipitate by Method A—The precipitate, which formed when the dis- 
solved ether was removed from the thoroughly extracted aqueous solution 
of yolk, has the following properties. (1) After being washed repeatedly 
in 0.85 per cent sodium chloride solution, it dissolved in 0.85 per cent salt 
solution on the addition of an excess of ether. (2) The solution was 
slightly opalescent and was stable at room temperature for months when 
excess ether was present. (3) When the solution was stored at tempera- 
tures below 20°, a precipitate appeared which dissolved slowly when the 
temperature was raised to 20-25°. (4) When the precipitate of Method A 
was washed five times with distilled water and dried from the frozen state, 
a white fluffy solid resulted which contained! nitrogen 9.51, phosphorus 
1.16, sulfur 0.45, and ash 0.87 percent. 39 per cent of the solid was extract- 
able in cold 95 per cent ethanol. The ethanol-soluble portion was soluble 
inether and when dried was a white waxy solid. The residue after alcohol 
extraction was not soluble in 0.85 per cent salt solution saturated with ether. 
(5) When 0.1 m sodium caprylate was added to a 1 per cent solution of the 
precipitate of Method A in 0.85 per cent salt solution and excess ether, a 
solution resulted which could be cooled to 6° and from which the ether 
could be removed without the appearance of a precipitate. However, 
dialysis in the buffer used for electrophoresis resulted in precipitation. (6) 
Astable solution suitable for electrophoresis at 1° was prepared as follows: 
30 ml. of a 1 per cent solution of the precipitate of Method A in 0.85 per 
vent salt solution saturated with ether were repeatedly shaken with 45 ml. 
of ether which had been used to extract 45 ml. of a mixture of 1 part of 
yok in 2 parts of 0.85 per cent salt solution. When the dissolved ether 
was removed by vacuum from the aqueous layer, a solution was obtained 


‘These analyses were carried out by Mr. C. A. Kinser. 
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which contained 0.66 per cent of non-dialyzable solids after dialysis ang 


clarification for electrophoresis. 
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Fig. 1. Livetin fraction prepared by extraction six times with ether. 
Fig. 2. Livetin fraction prepared by extraction one time with ether. 
Fia. 3. Precipitate of Method A treated with ether extract of yolk. 
Fia. 4 

Fia. 5. Material of Fig. 4 after ether extraction. 

Fia. 6. Hen plasma. 

Fig. 7. Egg white. 

Fria. 8. Allantoic fluid from 13 day fertile eggs. 

Fig. 9. Livetin fraction, precipitate in 18 per cent ethanol. 


Results of Electrophoretic Analysis of Livetin Preparations 


. Livetin fraction prepared according to Method B without ether extraction. } 


An electrophoretic pattern of crude livetin prepared according to Method 
A is given in Fig. 1. Three principal peaks (/, 2, and 3) can be seen with 
respective mobilities of —7 10°, —4.4 X 10°, and —2.0 & 10~° sq. cm. 
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per volt-second (cf. Table I). A minor peak (/a) usually is found with a 
mobility of —6.4 X 10~ sq. cm. per volt-second. The slowest peak ap- 
pears to consist of two components: 3, with a mobility of about —2 X 10>, 
and 3a, with a mobility of about —2.6 X 10 sq. cm. per volt-second. 

A preparation of livetin which was extracted only once with 1 volume 
of ether and clarified by several centrifugations and filtrations is shown in 
Fig. 2. An increased amount of the slower component of the slowest peak 


TABLE I 


Results of Electrophoretic Analyses of Yolk Fractions and Related Materials 
The numbers in the column headings refer to the labelled peaks in Figs. 1 to 9. 
All mobilities are negative, since migration was anodic in every instance. 
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$ Mobility X 105, sq. cm. per volt-sec. Areas, per cent 
: Material acc a ee 
E Meher ue ae ae see ee 
1 | Livetin, Method A, | 6.99)4.42/2.02 17.3 32.7 50.0) | 
extracted 6 times 6.44 2.64 | | | 
2 | Livetin, Method A, | 7.55)4.64/1.71 | 12.0.21.267.0 
extracted 1 time 
3|Ppt. of Method A, | 1.76 100 | | 
ether solution 
treated | | | 
| | eae od 
4 | Livetin, Method B, | 5.27|2.71/1.35)0.64 35.039.0 26.0 | 
not extracted | | Bid 
5 | Livetin, Method B, |14.96)7.29/4.54/2.51 21.3 40.4 38.4! 
after extraction | | | 
| ko PO LE — 
6 | Hen plasma | 6.42\4.85/4.23)3.44/2.82)1.88 53.3) 18.3 | 28.3 
| wa at oa | 
7 | Egg white 4.0 13.4 |2.2 |1.8 |1.2 | Fea.) Tee 11.7 
8 | Allantoic fluid, 13th | 6.82)3.45/1.98 69.7|18.6 11.7 | 
| day | | 
9 | Livetin, 18% EtOH | 4.86/2.65 2.2/97.8 | 
| ppt. | | 




















van be seen as a sharp peak (3) with a mobility of —1.7 X 1U~ sq. em. per 
volt-second. The presence of the other more rapid compunent (8a of Fig. 
|) is suggested by skewness at the base of the peak. Further extraction 
with ether removed the material of the sharp peak and left the other com- 
ponents present as they appear in Fig. 1. 

When the precipitate of Method A was dissolved by means of an ether 
solution of the ether-extractable substances of yolk, as described above, a 
solution resulted which yielded the electrophoretic pattern shown in Fig. 
3. There appears to be chiefly one component with mobility of —1.8 x 
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10~* sq. cm. per volt-second. This is apparently the material of the sharp 
peak of Fig. 2 which was rendered insoluble by thorough extraction with 
ether. 

The analysis of material prepared according to Method B, including 
dialysis against distilled water, is shown in Fig. 4. Three principal peaks 
are seen: J and 2 have mobilities close to those of the two slower peaks (2 
and 3a, Fig. 1) of fully extracted yolk, the third peak (3 and 4) is somewhat 
slower than any seen in Fig. 1. Ether extraction of such preparations re- 
moves nearly half of the non-dialyzable solids and leaves a preparation with 
the pattern seen in Fig. 5. The three peaks (2, 3, and 4) corresponding 
to the three peaks (/, 2, and 3a) of Fig. 1 are seen, but there is no suggestion 
of the sharp peak (3, Fig. 2) of slow mobility which characterizes the in- 
completely extracted preparation. 

Livetin prepared according to Method A was also extracted with cold 
ethanol and ether by the technique of Zeldis, Alling, McCoord, and Kulka 
(7) and was examined electrophoretically. A pattern very similar to Fig. 
5 resulted in which there was no evidence of the slow component giving the 
sharp peak. 


Comparison of Livetin Preparations with Other Fluids 


Electrophoretic analyses were also made of hen plasma (Fig. 6), egg 
white (Fig. 7), and allantoic fluid from fertile eggs incubated 13 days (Fig. 
8). It will be noted that the fastest peak (/, Fig. 6) in hen plasma, pre- 
sumably serum albumin, has a mobility similar to that of the fastest peak 
(1, Fig. 1) in the livetin preparations. The two large peaks (6 and 6, Fig. 


6) moving most slowly in hen plasma have a mobility similar to that of the , 


slowest peak (3 and 3a, Fig. 1) in livetin preparations. The most rapid 
peak of Fig. 7 (1) is ovalbumin according to the work of Longsworth, 
Cannan, and MacInnes (8), and it appears to move at a somewhat slower 
rate than the fastest livetin peak (1, Fig. 1). The mobilities of the fastest 
and slowest components (/ and 3, Fig. 8) of 13 day allantoic fluid are simi- 


lar to these of the corresponding components of livetin (1 and 3, Fig. 1). 


Further work comparing the components of egg yolk with those of hen 
serum is in progress. 


Fractionation Experiments with Ethanol 


Preliminary studies of the precipitation of livetin components with etha- 
nol in the cold have been carried out. The livetin was dialyzed against 
sodium chloride-phosphate buffer of the following composition: 0.0095 ™ 
monopotassium phosphate, 0.0022 m disodium phosphate, 0.23 m sodium 
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chloride, pH 7.2, ionic strength 0.246. Ethanol was added at 0° to a con- 
centration of 18 per cent by volume. The precipitate was washed with 
the buffer containing 18 per cent ethanol, then dissolved in 0.85 per cent 
sodium chloride solution, and dialyzed against the electrophoresis buffer. 
The electrophoretic pattern is shown in Fig. 9. It was found that the com- 
ponent of slow mobility (3a) of Fig. 1 was recovered with greater than 95 
per cent homogeneity. However, the other two principal components of 
Fig. 1 (1 and 2) were not well separated by alcohol precipitation under 
the conditions of the few experiments performed. 


DISCUSSION 


Since the name livetin has been applied to the material remaining in 
solution after lipovitellin has been precipitated from ether-extracted egg 
yok by lowering the salt concentration, it is not surprising that electro- 
phoretic analysis shows livetin to be not one substance but a group of sub- 
stances. The materials present in the livetin preparation show electro- 
phoretic mobilities resembling components of hen plasma. Of the three 
peaks seen in Fig. 1 the fastest (1) has, within the limits of measurement, 
the mobility of hen serum albumin (/, Fig. 6). The second peak (2) com- 
pares with the slowest of the 8-globulins, and the slowest peak (3) has a 
mobility not much different from that of the second (6, Fig. 6) of the two 
large peaks which characterize hen serum (9, 10). 

That there is a transfer of proteins from the plasma of laying hens to the 
yolks of their eggs is evidenced by the passive transfer of antibodies. 
Jukes, Fraser, and Orr (11) demonstrated in 1934 that diphtheria anti- 
toxin was found in the livetin fraction of egg yolk. The literature on anti- 
bodies in yolk has been reviewed recently by Brandly, Moses, and Jungherr 
(12). 

Since lipovitellin itself has been shown to be a constituent of the plasma 
of laying hens, it has been inferred that this component is merely trans- 
ferred to the yolk in the ovary, its site of formation being elsewhere (13). 

The passage of large molecules from plasma to yolk during egg formation 
seems possible from anatomical considerations (14). The yolk of the avian 
egg is formed in the ovary, the yolk being enveloped by follicular epi- 
thelium. Although it is possible that the follicular epithelium plays a syn- 
thetic réle, it seems likely that not all of the yolk volume is synthesized 
there because of volume-rate considerations (15). 

. The precipitate of Method A, described above, is of a composition which 
indicates its relationship to the lipovitellenin of Fevold and Lausten (5). 
Since no reports of the homogeneity of either lipovitellin or lipovitellenin 
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have been seen, it is difficult to come to conclusions about the identity of 9. 
the precipitate of Method A with lipovitellenin. Although the amounts "4 
: ll. 
of alcohol-extractable substances and nitrogen are not far from those re- 12 
ported for lipovitellenin, the phosphorus and sulfur values (in per cent) 


“. 


are somewhat different. 13. 
14. 
N P 8 Alcohol-extracted 15. 
Lipovitellenin (Fevold and lipide 
a 9.9-10.2 1.5-1.7 0.59-0.61 36-41 
Ppt. by Method A............ 9.51 1.16 0.45 39 
SUMMARY 


1. Clear preparations of the livetin fraction of the yolk of hen’s eggs 
were produced when the extraction with ether was adequate. Electro- 
phoretic examination of this material at pH 7.95 revealed three principal 
peaks. 

2. When the dissolved ether was removed from well extracted livetin 
fractions, a precipitate appeared of a composition which suggested a lipo- 
protein containing about 39 per cent ethanol-extractable material. 

3. A method of preparation of livetin fractions which does not make use } 
of ether was worked out. Dialysis and adjustment of salt content and pH 
were employed. Electrophoretic examination of this material gave results 
similar to those with livetin fractions prepared by ether extraction. 

4. Electrophoretic analyses of hen plasma, egg white, and allantoic fluid 
were carried out under comparable conditions. The mobility of hen plasma 
albumin and two of the globulins was similar to those of the three livetin 
fraction peaks. 

5. Preliminary attempts directed toward separation of components of 
the livetin fraction by ethanol precipitation are reported. The slowest 
component by electrophoresis was obtained in a form essentially free from | 
the other observed components. 
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HEMOGLOBIN* 
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(From the Department of Internal Medicine and the Mallinckrodt Institute of 
Radiology, Washington University School of Medicine, St. Louis) 


(Received for publication, December 27, 1948) 


Isotopic studies have demonstrated that glycine is used in the bio- 
synthesis of hemoglobin. Glycine has been tagged in one of three ways: 
(a) with N*® in the amino group (1-3), (b) with C™ in the a-methylene 
carbon position (4), and (c) with C™ in the carboxyl group (5). When 
any of these three forms of glycine is fed to animals, the isotope is in- 
corporated into hemoglobin, but interesting differences have been observed 
in the distribution of the isotope between the pigment and protein portions 
of the molecule. For instance, Shemin and Rittenberg, using glycine 
labeled with N™, found greater concentrations of the heavy nitrogen in 
hemin than in red blood cell protein (2). Similarly, Altman and his 
associates observed that when the methylene carbon of glycine is tagged 7 
tonearly 10 times as much C™ appear in hemoglobin protoporphyrin as in 
globin (4). On the other hand, recent observations in this laboratory 
have shown that when glycine containing C™ in the carboxyl group is 
administered the radioactive carbon is synthesized into globin but cannot 
be demonstrated in protoporphyrin (5). 

The experiments to be described in this report were designed (1) to 
confirm the demonstration that the carboxyl carbon of glycine is used for 
the biosynthesis of globin but not protoporphyrin, (2) to determine whether 
globin within the red cell participates in protein interchange, and (3) to 
discover whether coproporphyrin I isolated from the urine and feces after 
the tagged glycine was fed would contain C™ even if the hemoglobin pro- 
toporphyrin did not. 


Materials and Methods 


Two healthy dogs and one rat were fed glycine tagged with C™ in the 
carboxyl group.! 

Dog I, male, weighed 12 kilos. By removing 150 to 200 ml. of blood 
irom the femoral artery on each of several days, this animal’s packed 

* Supported by a grant from Mr. John Mosby and one established in memory of 
Mr. Nathan Greenberg. 


‘The authors are indebted to Dr. R. B. Loftfield of the Massachusetts Institute of 
Technology for the synthesis of the labeled glycine. 
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erythrocyte volume was reduced from 51 to 29 per cent. 100 mg. of the 


labeled glycine were then given by stomach tube in divided doses on 3 
successive days; the total radioactivity administered amounted to 5 x 
107 counts per minute, assayed by a procedure described elsewhere (5, 6). 
During these 3 days, water was allowed ad libitum but all food was with- 
held. Thereafter, the stock ration of Purina dog chow was again fed. At 
intervals until the experiment was terminated on the 153rd day, 10 mi, 
samples of blood were obtained for analysis. Crystalline protoporphyrin 
IX dimethyl ester (7) and globin (8) were isolated for determination of 
radioactivity (5, 6). 

Dog II, female, weighed 10 kilos. The packed red blood cell volume 
was reduced from 53 to 24 per cent by serial bleeding. The labeled glycine 
was again given by stomach tube in three divided doses within a period 
of 27 hours; the total dose was 50 mg. and the total radioactivity amounted 
to 1.7 X 10’ counts per minute. Food was withheld during the period of 
administration. Blood was collected at intervals in 10 ml. samples as in 
the previous experiment for the same determinations, but observations 


were stopped at the end of 110 days. In addition, urine and feces were | 


collected during the first 15 days following administration of the glycine 
and extracted for coproporphyrins (9). After purification and identif- 
cation (10) coproporphyrin I was tested for radioactivity with a nucle- 
ometer.? 

One white rat weighing 100 gm. was kept on a protein-free diet (2) for 
several days and then given by stomach tube, in four divided doses over 3 
days, 200 y of the labeled glycine (total radioactivity 2.1 X 10° counts 
per minute). 20 days later the animal was bled to death. From the 4.6 
ml. of blood obtained, crystalline protoporphyrin [X dimethyl ester was 
isolated for determination of its radioactivity. Measurement was also 
made of the radioactivity in the remaining cell protein. 

All samples were assayed without resorting to conversion to carbonate. 
Satisfactory checks were obtained in pilot experiments in which samples 


were assayed both as carbonate and as untreated material. All samples 


were measured in triplicate and values reported are averages, the spread 
of which is included in the errors assigned. 


Results 


No radioactivity could be demonstrated in the protoporphyrin isolated 
from the blood of any of the three animals. The activity in the globin 


? The authors are indebted to Professor A. I. Lansing, Department of Anatomy, 
Washington University School of Medicine, for permission to use the nucleometer, 
a product of the Radiation Counter Laboratories, Chicago, Illinois. The nucle: 
ometer was calibrated with standard samples of labeled glycine assayed previously 
with the standard, thin-walled Geiger-Miller tube (5). 
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the obtained from the dogs was at a maximum on the Ist day determinations 
n3 were performed, the 23rd and 13th days, respectively (Fig. 1 and Table 1). 
x The concentration remained relatively constant for 77 days in Dog I and 
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Fie. 1. Radioactivity in globin prepared from blood of Dog I after oral adminis- 
») for tration of glycine tagged with C™ in the carboxyl] position. A represents half the 
period required for half the cells to die. 
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atomy, Until about the 66th day in Dog II. Thereafter, the radioactivity fell 
ss tather abruptly to low levels. In Fig. 1 are plotted the results obtained 
Brus for Dog I. When mathematical analysis of this curve was made in the 


manner described by Shemin and Rittenberg (2) to estimate the average 
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survival time of red blood cells of the dog, a figure of 95 + 5 days was 
obtained. The period in which half of the red cells was destroyed ex- 
tended from the 85th to the 105th day, as shown in Fig. 1. The average 
survival time of the red blood cells for Dog II, determined in the same 
manner, was 75 + 5days. The cell protein from 4.6 ml. of the rat’s blood 
contained 1.5 + 0.5 counts per minute per mg., a value reasonably close 
to that to be expected from the initial dose of glycine administered, jn 
light of the experience with uptake into globin in the dogs. 

From the urine and feces collected for 15 days following the last adminis- 
tration of glycine to Dog II, 310 y of crystalline coproporphyrin I tetra- 
methyl ester were isolated. No radioactivity was observed. 


DISCUSSION 


These results confirm the previous demonstration that in the bio- 
synthesis of hemoglobin the carboxyl carbon of glycine is incorporated into 
globin but not into protoporphyrin. Since other work has shown that 
both the amino nitrogen (1-3) and the methylene carbon (4) of glycine 
are introduced into protoporphyrin during its formation, it would appear 
that only the —CH.2-NHz group of glycine becomes a part of proto- 
porphyrin. If the whole of the glycine molecule is involved in the synthesis 
of protoporphyrin, COz2 from the carboxyl group must be split off in the 
process. 

On the other hand, since the amino nitrogen (2) and the methylene 
carbon (4) atoms as well as the carboxyl carbon are incorporated into globin, 
it seems likely that glycine as a whole is utilized for globin synthesis. 
The data available do not permit any conclusion as to whether CQO, de- 
tached from glycine can be used for globin formation (11). 

When the radioactivity of globin is plotted against time, the shape of 
the resulting curve is very similar to that obtained for protoporphyrin 
when the concentration of N® is plotted against time (2). This result 
indicates that the globin of intact erythrocytes remains in the red cells 
without participating in protein interchange until the erythrocyte is 
destroyed. 

The radioactivity of the globin fraction did not fall off with time to as 
low a value as might be expected on the basis that C™ from degraded 
globin was not reutilized for globin synthesis. Insufficient data are at 
hand to decide to what extent such reutilization occurred. It seems un- 
likely, however, that simple reutilization of glycine from degraded globin 
can be reconciled with results such as those shown in Fig. 1. Miller, 
Robscheit-Robbins, and Whipple have reported evidence indicating that 
globin contributes to the “protein pool” of the body, and that this “protein 
pool” in turn is used for the formation of new hemoglobin (12). Whea 
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hemoglobin is injected intraperitoneally into dogs made both anemic and 
hypoproteinemic, new hemoglobin is formed. The conditions of these 
experiments, however, were quite different from those reported in the 
present paper. The two dogs used were not anemic at the conclusion of 
the experiment and had been fed a stock ration known to be nutritionally 
adequate. 

The average times of survival of the red cells in Dogs I and II, as measured 
by the curves of radioactivity in globin, were 95 + 5 days and 75 + 5 
days, respectively. Hawkins and Whipple estimated the life span of 
dog red cells to be about 124 days (13). These workers forced great 
numbers of new red cells into the circulation of four bile fistula dogs by 
blood destruction or blood withdrawal; as a consequence, the bile pigment 
output fell and did not rise again for 112 to 133 days. This interval was 
regarded as an indication of the survival time for the red cells. No 
conclusion is drawn regarding the difference between these figures and the 
ones calculated from the globin curves. More observations would be nec- 
essary to establish a more accurate average figure and the expected limits 
of variation. 

Since available evidence indicates that coproporphyrin I is formed as a 
by-product during the synthesis of protoporphyrin [X (type III) for hemo- 
globin formation, and since hemoglobin protoporphyrin did not assimilate 
any radioactivity from the C™ of the carboxyl-tagged glycine, it is not sur- 
prising that the coproporphyrin I isolated from Dog II likewise possessed 
no radioactivity. Other experiments, furthermore, have shown that when 
coproporphyrin I is isolated from the feces of an animal fed glycine tagged 
with N® the fecal coproporphyrin I as well as hemoglobin protoporphyrin 
IX (type III) contains heavy nitrogen in relatively high concentration (14). 
These results provide additional evidence in favor of the hypothesis that 
coproporphyrin I is a by-product of protoporphyrin [X formation. 


SUMMARY 


1. In the biosynthesis of hemoglobin, the carboxyl carbon is incorpo- 
rated into globin but not into protoporphyrin. 

2. Globin within the intact erythrocyte does not participate in protein 
interchange. No evidence was obtained to indicate that the C™ derived 
from the carboxyl carbon of glycine and synthesized into globin was re- 
utilized for hemoglobin formation. 

3. Coproporphyrin I isolated from the feces of one animal during a 15 
day period, following the administration of carboxyl-tagged glycine, con- 
lained no radioactivity. Reference was made to other experiments in 
which coproporphyrin I was isolated from the feces of an animal fed N¥- 
lagged glycine; both the fecal coproporphyrin I and the hemoglobin proto- 
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porphyrin IX (type III) contained the isotope. These observations sup. 
port the concept that coproporphyrin I is a by-product of protoporphyrin 
IX formation. 
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CHEMICAL PREPARATION OF HOMOGENTISIC ACID* 


By LYNN DeFORREST ABBOTT, Jr., anno J. DOYLE SMITH 
(From the Department of Biochemistry, Medical College of Virginia, Richmond) 


(Received for publication, January 14, 1949) 


Homogentisic acid (2,5-dihydroxyphenylacetic acid), an important in- 
termediate in the metabolism of tyrosine and phenylalanine, is not readily 
available, nor does a survey of the literature reveal a convenient method 
for its chemical preparation. 

The syntheses of Baumann and Frankel (1), Osborne (2), and Neubauer 
and Flatow (3), although useful as proof of structure, are not suitable as 
preparative methods. Hahn and Stenner (4) developed a synthesis based 
on the ozonization of dibenzoylallylhydroquinone which yielded homo- 
gentisic acid from hydroquinone in six steps with a 26 per cent yield. In 
the course of studies on the reactions of ketene diethyl acetal, McElvain 
and Cohen (5) noted that acid hydrolysis of the reaction product of benzo- 
quinone with ketene acetal yielded homogentisic acid. The procedures 
involved in these two methods make their use inconvenient as preparative 
methods in most laboratories. 

Recent developments in the application of the Willgerodt reaction to the 
synthesis of arylacetic acids from aryl methyl ketones (6, 7) and the com- 
mercial availability of the dimethyl ether of hydroquinone’ make feasible 
the synthesis of the dimethyl ether of homogentisic acid (2 ,5-dimethoxy- 
phenylacetic acid) from 2,5-dimethoxyacetophenone. MHydriodic acid, 
or hydriodic acid and red phosphorus, has been used previously to de- 
methylate the dimethyl ether of homogentisic acid (1, 2). Although this 
reagent does bring about demethylation of this ether, its use in our hands 
has been unsatisfactory. We have found 2,5-dimethoxyphenylacetic acid 
to be easily demethylated with 48 per cent hydrobromic acid, a reagent 
which has been used to demethylate guaiacol (8). The desired product 
was thus obtained readily in good yield and in good condition. 


EXPERIMENTAL 


2,5-Dimethoxyacetophenone—This compound has been prepared pre- 
viously by Klages (9) and by Kauffmann and Beisswenger (10) by the 
Friedel-Crafts reaction in yields of about 50 per cent. As our procedure 
* A brief report of this work was made at the Twenty-sixth annual meeting of the 
Virginia Academy of Science, Roanoke, May 7, 1948. 
‘Obtained from the Tennessee Eastman Corporation, Kingsport, Tennessee. 
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has been found to give the desired compound in greater yield, we are pre- 
senting its preparation in detail. 

A mixture of 150 ml. of dry carbon disulfide and 86 gm. (0.64 mole) of 
anhydrous, powdered aluminum chloride was cooled to 5° in a 1 liter, 3- 
necked flask equipped with a motor stirrer, reflux condenser, and dropping 
funnel. A cooled solution consisting of 44 gm. (0.56 mole) of acetyl 
chloride, 150 ml. of dry carbon disulfide, and 68 gm. (0.49 mole) of 1 ,4- 
dimethoxybenzene was added from the dropping funnel to the aluminum 
chloride with stirring, during the course of 14 hours, in a hood. The mix. 
ture was stirred at 5° for an additional 3 hours, and then allowed to warm 
up and remain at room temperature for 17 hours. The stiff, red tar was 
hydrolyzed with a mixture of 40 ml. of concentrated hydrochloric acid and 
1200 ml. of crushed ice. The carbon disulfide layer was separated, and the 
water layer extracted once with 100 ml. of carbon disulfide. The combined 
carbon disulfide layers were treated twice with dilute sodium hydroxide, 
once with water, and then with anhydrous calcium chloride to dry. The 
carbon disulfide was removed by distillation on a steam bath and the resi- 
due distilled in two fractions at 10 mm. pressure. The first fraction, con- 
sisting of unchanged dimethoxybenzene and some dimethoxyacetophenone, 
distilled at 95-140° and weighed 10 gm. The second fraction of nearly 
pure dimethoxyacetophenone distilled at 141-144° and weighed 61 gm. (69 
per cent of the theoretical yield or 81 per cent based on unrecovered di- 
methoxybenzene). This material was used in the following step. Use of 
the undistilled dimethoxyacetophenone is practicable but necessitates more 
elaborate purification of the dimethoxyphenylacetic acid. 

2 ,5-Dimethoxyphenylacetic Acid—The procedure of Schwenk and Bloch 
(7) has been modified so that the yield was increased from 28 to 64 per cent. 

A mixture of 57 gm. (0.32 mole) of 2,5-dimethoxyacetophenone, 15.5 
gm. (0.48 mole) of sulfur, and 42 gm. (0.48 mole) of morpholine was placed 
in a | liter round bottom flask and refluxed in a hood for 7 hours. The mix- 
ture was cooled to room temperature and 240 ml. of 95 per cent ethanol and 
105 ml. of 50 per cent sodium hydroxide were added. After this mixture 
had been refluxed for 45 hours, the ethanol was removed by distillation and 
200 ml. of water were added to the warm mixture. This mixture was 
heated to boiling, and the excess sulfur filtered off. After being cooled, the 
filtrate was placed in an efficient hood (or out of doors) and concentrated 
hydrochloric acid (about 220 ml.) was added, slowly and with constant 
stirring, until the filtrate was acid to Congo red paper. The mixture was 
then cooled overnight at 5° and the precipitated acid was collected by fi: 
tration. The crude acid was purified by dissolving it in about 2 liters of 
boiling water, treating with Darco, filtering, and cooling overnight at 5". 
The cream-colored acid weighed 40 gm. (64 per cent), melted at 121-123", 
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and was used in the following step without further purification. An addi- 
tional recrystallization from water gave pure white needles melting at 123- 
124°? 

Homogentisic Acid and Its Lactone—Demethylation of 2,5-dimethoxy- 
phenylacetic acid with HBr yielded mixtures of the lactone and the free 
acid, as did demethylation with HI. We have used conditions giving pre- 
dominantly the lactone, which can be readily purified. Addition of NaOH 
in the presence of Na.SO; allowed opening of the lactone ring without 
occurrence of the intense darkening and rapid oxidation of homogentisic 
acid which took place when the lactone was converted in the presence of 
air with alkali alone. 

10 gm. of 2,5-dimethoxyphenylacetic acid and 75 ml. of 48 per cent 
hydrobromic acid* were refluxed gently (in a hood) for 4 hours. The dark 
solution was then evaporated to dryness in vacuo on a boiling water bath. 
The residue was washed once with chloroform to remove traces of un- 
changed starting material.‘ The deeply colored lactone was then dissolved 
in about 400 to 500 ml. of boiling water, treated at the boiling point with 
about 1 gm. of decolorizing charcoal (Darco), and filtered hot. To the 
warm filtrate, which was almost colorless, 2 gm. of Na»SO; (anhydrous, 
Merck reagent) were added for each 100 ml. of filtrate. The solution was 
made distinctly alkaline to litmus (pH 10 with Fisher Alkacid test paper) 
with 10 per cent NaOH. After stirring and standing for about 5 minutes 
to insure complete conversion of the lactone, the solution was cooled to 
room temperature and made definitely acid to Congo red paper (pH 2 
with Alkacid paper) with 10 per cent H.SO,y. The solution was then con- 
centrated in vacuo on a warm water bath to about 50 ml. Any precipitated 
material was redissolved with a minimal amount of water and the cooled 
solution, which should be acid to Congo red, was subjected to a 9 hour con- 
tinuous extraction with peroxide-free ether. The ether was removed under 
reduced pressure. Homogentisic acid obtained in this way was light tan, 
melted at 146-148°, and weighed 8 gm. (93 per cent). 

Additional purification was obtained by recrystallization in the following 
manner. The product above was dissolved in a small amount of hot ab- 
solute alcohol, and 75 to 100 ml. of a (1:1) chloroform-petroleum ether 


* Melting points reported in this paper are uncorrected. 

* Baker’s, c. p., was used without purification. 
_ ‘Although deeply colored, the residue was almost pure lactone, as indicated by 
its melting point (185-187°, literature 189-190°), and represented almost complete 
conversion of the dimethyl ether. 

‘If the pure lactone is desired, it may be obtained by cooling the decolorized fil- 
trate. The pure white lactone (m.p. 188-189°) crystallized in 69 per cent of the theo- 


retical yield from such filtrates on cooling and can be readily recrystallized further 
from boiling water if necessary. 
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mixture were added. The solution was filtered free of any insoluble ma. 
terial while warm and still clear. More petroleum ether-chloroform mix. 
ture was then added to the warm filtrate until slightly turbid. On cooling, 
4.3 gm. (50 per cent) of a white product, m.p. 148-149°, were obtained. 
Colored material remained in the filtrate. From this filtrate an addition] 
1.3 gm. (15 per cent) melting in the same range, but slightly off white jp 
color, were obtained by the further addition of chloroform-petroleum ether, 
An additional 1 gm. (11.8 per cent) of slightly less pure material (m.p. 146- 
148°) was obtained by concentration of the filtrate and addition of chloro- 
form-petroleum ether. 

No depression of the melting point was observed when the synthetic 
preparation was mixed with homogentisic acid isolated from the urine of 
human alkaptonuria (11) or from the urine of rats made alkaptonuric ex- 
perimentally (12). 


SUMMARY 


1. A three-step chemical preparation of homogentisic acid in good yield 
is described. 

2. 2,5-Dimethoxyacetophenone was prepared from 1 ,4-dimethoxyben- 
zene and was converted to 2,5-dimethoxyphenylacetic acid which was de- 
methylated with hydrobromic acid. 

3. The lactone of homogentisic acid may be isolated as an intermediate 
if desired. 
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PHYSICOCHEMICAL STUDIES ON LYMPH AND LYMPHOCYTE 
EXTRACTS FROM NORMAL AND STIMULATED 
LYMPHATIC TISSUE* 


By T. N. HARRIS, DAN H. MOORE, ano MIRIAM FARBER 
(From the Children’s Hospital of Philadelphia (Department of Pediatrics), School of 
Medicine, University of Pennsylvania, Philadelphia, and the Electrophoresis Labora- 
tory, College of Physicians and Surgeons, Columbia University, New York) 


(Received for publication, January 26, 1949) 


Ehrich and Harris (1) have demonstrated that, following the injection 
of antigen into the feet of rabbits, extracts of popliteal lymph nodes and 
the lymph emerging from them contained antibodies earlier and in concen- 
trations higher than in the blood serum, and they suggested that the local 
lymphatic system was the site of formation of those antibodies. Further 
study (2) showed that the lymphocytes contained in the lymph were 
richer in antibody than was the lymph plasma surrounding them, especially 
at the time of the greatest rate of formation of antibodies. The evidence 
presented was consonant with the concept that the lymphocyte may be 
the site of final synthesis of antibodies following the injection of antigens 
into the tissues. 

At the same time, Dougherty, Chase, and White (3), in an adaptation 
of the work of McMaster and Hudack (4), showed that following the 
subcutaneous injection of an antigen into the mouse a lymphocyte-rich 
cell suspension prepared from pooled spleens and lymph nodes of those 
animals contained antibodies to the antigens injected. 

The present paper reports electrophoretic and ultracentrifugal studies 
on lymph and lymphocyte extracts from rabbit lymph nodes both before 
and 5 days after injection of antigen into tissue drained by that node. 


EXPERIMENTAL 


Chinchilla rabbits weighing about 2000 gm. were injected in each hind 
foot-pad with 0.2 cc. of a 5 per cent suspension of killed dysentery organ- 
ims (Shigella paradysenteriae). After 5 days the animals were anes- 
thetized by the injection of sodium amytal. An incision was made on the 
medial aspect of the knee, the semitendinosus and semimembranosus 
muscles divided, and the efferent lymphatic vessel of the popliteal lymph 
node was exposed. A ligature was placed around the vessel and as much 
lymph as possible was drawn from it into a tuberculin syringe moistened 


* This study was aided by a grant from the Commonwealth Fund. 
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with a solution of sodium citrate. The lymph thus collected was freed of 
lymphocytes by centrifugation and stored in the frozen state. pr 

The popliteal lymph nodes were then excised and used for the preparation 2 
of lymphocyte extracts as follows: For preparing lymphocytes the lymph 


nodes were minced in saline solution and the coarser particles were removed 9 
by slow centrifugation. The supernatant was then passed through a No, ” 
30 stainless steel mesh to free the lymphocytes. The latter were collected = 
by differential centrifugation from this suspension. The final sediment : 
of clumps of cells from the node was suspended in 4 volumes of saline x 
solution and the suspension was alternately frozen and thawed three times, " 
at —70° and 30° respectively, or was thoroughly ground in a mortar, ¢ 
A final centrifugation was performed to clear the suspensions of insoluble , 
débris. This extract of lymphocytes was kept in the refrigerator with a 
bacteriostatic agent (merthiolate, 1:10,000) until it was studied, since 
freezing or desiccation from the frozen state caused considerable precipi- 

tation. 

The individual specimens of lymph and lymph node extracts were in- 
sufficient in volume for physicochemical study. Accordingly, the speci- 
mens examined by electrophoresis and ultracentrifugation were pooled 
from several animals. 

Before these analyses all samples were dialyzed against a buffer of 0.02 
M with respect to sodium phosphate and 0.15 m with respect to NaC! at 
pH 7.4. 

The electrophoretic experiments were carried out in the Tiselius ap- 
paratus in a cell of 2 cc. capacity. Occasionally separated samples were ; 
removed for ultracentrifugal analysis. Sedimentation constants were de aa 
termined in an air-driven vacuum ultracentrifuge (5), the sedimenting The 
boundaries being recorded by the scanning method of Longsworth (6). 

The analyses were made at room temperature which was always 20°. leas 
Since the temperature of the rotor spinning at 48,000 R.P.m. rose about agn 
1.2° per hour, it was possible to estimate the average temperature over nor 
any desired time interval during a run. All values of sedimentation I 
constants were reduced to conditions of pure water at 20°. dist 
The 

Results of 3 


The difference between efferent clarified lymph from popliteal nodes of star 
normal rabbits and that from popliteal nodes excised 5 days after injection lee 
into the foot-pad of 0.2 cc. of 5 per cent suspension of killed dysentery due 
organisms is illustrated in the electrophoretic patterns of Fig. 1. After whi 
the injection of antigen the lymph produced a total pattern area (Table ! sedi 
which was more than 3 times that for the normal, and corresponded to 4 fron 
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protein concentration of approximately 2 gm. per cent. All of the com- 
ponents in the lymph obtained from animals which had been injected with 
antigen were larger in about the same proportions, as is seen from the per- 
centage values recorded in Table I, except that Component 3 is relatively 
larger and Component 6 (with the mobility of y-globulin) is relatively 
smaller. 

Electrophoretic patterns of extracts of lymphocytes from two pools of 
normal popliteal nodes and from two pools of popliteal nodes draining the 
site of injection of antigen are shown in Fig.2. There is much more protein 
per node and also an extra component of higher mobility (see Table I) in 
the extract of lymphocytes from stimulated animals, but the elevation is 


6 5 43 





“NORMAL “STIMULATED 


Fic. 1. Electrophoretic patterns of efferent lymph from normal popliteal nodes 
and from similar nodes after antigenic stimulation. The patterns are of the de- 
scending limb after 6.5 volts per cm. were applied 135 and 180 minutes respectively. 
The numbers refer to the components. 








least in the component having a mobility of serum y-globulin. This is in 
agreement with the published patterns of White and Dougherty (7) on 
normal animals and those injected with adrenal cortical steroids. 

In the ultracentrifuge the normal lymphocyte extract appeared mono- 
dispersed (Fig. 3) and had a sedimentation constant of 4.7 Svedberg units. 
The extract from cells of stimulated nodes had a sedimentation constant 
of 3.6 Svedberg units, with a trace of material having sedimentation con- 
stants of about 5.3 Svedberg units. Component 6 (see Fig. 4), which was 
electrophoretically separated from clarified lymph 5 days after the intro- 
duction of antigen into the animal had a sedimentation constant of 7.0, 
which is the same as that of serum y-globulin. No component with the 
xdimentation constant of serum y-globulin was obtainable, however, 
from lymphocytes themselves, and in this respect we are not able to con- 
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TABLE I 


Electrophoretic Data on Lymph and Lymphocyte Extracts from Normal and 
Antigenically Stimulated Rabbits 






























































Component No. =. 3 
Specimen 8 S z, 
lal es |83izs 
Fast} 1 | 2 4 | $| 6 |3|S8\ea 38 
be hia S T1ST) “RTE Pe (BF = By) Bic 4 \< 
Lymph, normal | Compositiont 200 (15 | 20 Fg 35 (290 
%t 69 | 6.9 Pe 3.4) 12.1] | 
Mobilities§ | | 5.1) 4.4) 3.2 : 8, 1.6} 0.5) 
Lymph after | Composition '705 40 | 85 |20 |50 | 90 loool 768 
stimulation | % 71.2| 4.0} 8.6] 2.0) 5.1) 9.1 | 
Mobilities 4.7| 3.4| 2.9] 2.7) 1.5! 0.3! | 
an 
Lymphocyte Composition 75 260 85 eso 105} 10 | tel 
Extract 1, % 18 62 20 | | 
normal Mobilities 5.0 3.4 0.5 
Lymphocyte Composition 75 255 70 |400| 156} 8 
Extract 2, % 19 | 63 18 | | 
normal Mobilities 5.0) ss) 0.5) | 
| Pei 
Lymphocyte Composition | 20 | | 55 | 50 |125) 8&5) 16 
Extract 3, % 16 | | 44 | | 400; | | 
normal Mobilities 4.4) | ss | 0.6) | 
Lymphocyte Composition |40 | 75 290 | 1115 1520) 684} 6/1024 
Extract 1, % 8 | 14 56 yo 
after stimu- | Mobilities 6.8} 5.1 3.5 0.5) | | 
lation = 
} | 
Lymphocyte Composition |85 |100 | 280 75 |545| 716| 612048 
Extract 2, % 16 | 18 52 Mw prpes 
after stimu-| Mobilities | 6.3) 4.7 3.4 0.5) | 
lation 
har 
Lymphocyte Composition |70 | 45 | 165 60 (340) 730) 6/2048 | Spe 
Extract 3, | % 21/13 | | 48 18 | | ref 
after stimu- | Mobilities 5.6} 4.3) 3.5] 0.1 | 
lation | | 
Normal serum | % 70 | 6 12 12 
Mobilities 5.4! 4. 2) 3.0 0.9 
* The agglutinin titer is here given as an indicator of the concentration of the 
antibodies to one of the antigens of the dysentery organism. No measure of the 
total antibodies in the cell extract was available because of the nature of the antige?. 
+ Composition in planimeter units. 
t Per cent of total area. 
§ The mobilities are given in units of 10-* sq. cm. per volt-second. All compe P 
nents are anodic. . " 
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NORMAL STIMULATED 
Fig. 2. Electrophoretic patterns of lymphocyte extract from nodes of normal and 
antigenically stimulated animals. Sets 1 and 2 show the variation in type of pat- 
terns obtained. The numbers on Set 1 refer to the components. 


wi UU 


75 MIN 95MIN 60MIN 12OMIN 


Fic. 3. Ultracentrifuge patterns of normal (left-hand) and stimulated (right- 
hand) lymphocyte extracts. The arrow butts indicate positions of the menisci. 


Speed, 48,000 n.P.m.; radius to the left reference line (white) 5.71 em.; to the right 
reference line 7.29 cm. 








Ld | al 


50 MIN 80 MIN 


Fig. 4. Ultracentrifuge patterns of electrophoretically separated slow fraction 
from “stimulated” lymph. Speed, 48,000 r.P.M. 
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firm the assumption of Dougherty et al. (3) that the component with low 
electrophoretic mobility in lymphocyte extracts is identical with serum 
y-globulin. 


DISCUSSION 


On comparing the electrophoretic patterns of lymph which has passed 
through normal and stimulated popliteal nodes, the characteristic finding 
would appear to be that all the components of lymph draining the site of 
deposition of antigen are found also in normal lymph, and except for total 
concentration differences, both materials closely resemble serum. The 
first question to be answered was whether the difference between the two 
fluids was due to an influx of blood serum into the lymphatic system. No 
experiments were performed to decide this point in the present study, since 
data obtained in earlier investigations could be used to show that the in- 
creased concentration of the components in lymph after the injection of 
antigen was not due to serum appearing in the latter. In those studies 
(1, 8) serologically different antigens had been injected into the opposite 
legs of rabbits, and at intervals thereafter the lymph of each leg was tested 
for antibodies not only to the antigen injected into that leg but to the anti- 
gen injected into the opposite leg as well. Simultaneous tests were made 
of antibody titers in the serum. The titer in each lymph sample to the 
heterologous antigen was never more than one-tenth that found to the 
same antigen in the serum. If we apply these data to serum proteins in 
general, it is possible to say that no more than 10 per cent of the constitu- 
ents of lymph could be due to the inclusion of blood serum. Since the 
concentration of protein found in the lymph draining the site of antigen 
inoculation is approximately one-third that found in rabbit serum, it 
follows that at most only a small part of the proteins found in ‘‘stimulated” 
lymph, in excess of those found in normal lymph, could have resulted from 
the admixing of whole blood serum. 

Attempts to determine the amount of antibody present in the lymph and 
lymphocyte extracts 5 days after the injection of antigen were not success- 
ful because the choice of so complex an antigen as a bacterial cell made 
quantitative measurements of the total antibody impossible. Of the 
several individual antibodies to antigens of the dysentery organism only 
two were measured, the agglutinin (9) and complement-fixing antibody to 
cytoplasmic particles of the organism (10). The quantities of both of 
these antibodies were estimated to be below the sensitivity of either electro- 
phoretic or ultracentrifugal analysis. 

As to the component with the mobility of albumin, some of the increase 
in this component over that found in normal lymph, probably about 4 
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~I 
or 


fifth, is due to serum proteins. The remainder must be due to proteins 
which are the products of tissue destruction due to inflammation at the 
site of injection of the antigen. The rough similarity of the ratio of in- 
crease in the albumin-like to globulin-like components in stimulated lymph 
compared with the ratio of albumin to globulins in the blood serum may 
well be coincidental. 

The electrophoretic data on extracts from washed lymphocytes show that 
the changes resulting from stimulation occur essentially in the components 
with higher mobilities and that there is little change in the component 
having the same mobility, 0.6 to 0.7 X 10-5 sq. cm. per volt-second, but 
not the same sedimentation constant of serum y-globulin. White and 
Dougherty (7) have shown that there is a component in lymphoid tissue 
extracts with a mobility greater than that of serum albumin, which is 
greatly increased after the injection of adrenal cortical steroids (see (7) 
Fig. 1). The component with the same mobility as y-globulin, however, 
does not appear to be increased in their records. In view of the fact that 
all antibodies described thus far have mobilities identical to that of serum 
y-globulin (or similar to it, as in the case of the T component), it is evident 
that phenomena other than the production of protein with the same 
mobility as serum y-globulin are occurring in lymphoid cells of nodes 
draining the site of injection of antigen. This view is consistent with the 
fact that no material having the sedimentation constant of serum y-globulin 
is found in either normal or antigenically stimulated lymphocyte extracts, 
although there is a marked increase in the total protein (pattern area) 
alter stimulation (Fig. 3). The low sedimentation constant of the anti- 
body-containing lymphocyte extract would indicate that after the injection 
of antigenic materials there appears in the draining lymph node a signifi- 
cant amount of a substance either of low molecular weight, or of low density, 
such as lipoprotein. This material may be non-specific or may be a pre- 
cursor to serum antibody, since its physical properties are different from 
those of serum y-globulin.! The component with the mobility of y-globu- 
lin found in lymph from antigenically stimulated popliteal nodes does 
have, however, the same sedimentation constant as does serum y-globulin 
(7.0 X 10-% em. per second per unit field). Moreover, since this com- 
ponent in lymph, along with the others, is elevated by stimulation, it is 
possible that lymphocytes in the course of normal lysis in the lymph node 
would liberate serum y-globulin as we know it, whereas on artificial lysis 
proteins having different physical properties might be found. 


‘Many unrelated substances, such as pepsin digests of serum albumin or ragweed 


pollen extracts, behave electrophoretically as y-globulin in the pH range usually 
employed. 
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SUMMARY 


Saline extracts of lymphocytes, obtained from popliteal (regional) lymph 
nodes 5 days after the injection of killed dysentery organisms into the 
hind feet of rabbits, have been compared electrophoretically and in the 
ultracentrifuge with lymphocytes from uninjected legs. Components with 
higher mobilities were increased after the injection of the antigen, whereas 
the component with mobility similar to y-globulin was not significantly Fr 
increased. Inthe ultracentrifuge only components with sedimentation con- 
stants much lower than that of serum y-globulin were found in either of 
the cell extracts. 

Efferent lymph collected from the popliteal lymphatic system after the 
injection of the antigen showed an increase in all components over the 


normal. The y-globulin electrophoretically separated from such lymph ds 
had the same sedimentation constant as the y-globulin in blood serum. of 
It is a pleasure to acknowledge the most valuable technical assistance of r 
Melba Costello and Trudy Schonberger. bw 
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OCCURRENCE OF HYALURONIDASE INHIBITORS IN 
FRACTIONS OF ELECTROPHORETICALLY 
SEPARATED SERUM* 


By DAN H. MOORE anp T. N.. HARRIS 


(From the Electrophoresis Laboratory, College of Physicians and Surgeons, Columbia 
University, New York, and the Children’s Hospital of Philadelphia (Department 
of Pediatrics), School of Medicine, University of Pennsylvania, Philadelphia) 


(Received for publication, February 1, 1949) 


An inhibitor to the action of hyaluronidase obtained from bovine testis | 
has recently been described in human sera, and has been found to be asso- 
ciated with electrophoretically separated albumin (1). Another inhibitor 
of hyaluronidase has been described recently which inhibits streptococcal 
hyaluronidase and which gives evidence of being a true neutralizing anti- 
body (2-4). Because of differences suggested between the natures of these 
two inhibitors by the studies referred to, the present study was undertaken 
to compare the antihyaluronidase activity found in electrophoretically 


separated samples of human serum when assayed with streptococcal and 
testicular hyaluronidase. 


Methods and Materials 


Sera were obtained from four normal subjects and from two patients with 
acute rheumatic fever. Electrophoresis of undiluted samples of fresh se- 
rum which had been dialyzed against Longsworth’s barbiturate buffer at 
pH 8.6 yielded concentration gradients in the cell similar to those illustrated 
in Fig. 1. At the end of each run samples were removed from levels indi- 
cated by the horizontal dashed lines, and assayed by the mucin clot method. 

The technique employed for the measurement of antihyaluronidase has 
been fully described elsewhere (4). In brief, it involves incubation of 
various dilutions of the serum or its fractions with a standard amount of 
hyaluronidase, and then as measurement of the residual, unneutralized 
enzyme. The latter is measured by its ability to depolymerize native 
hyaluronate to a degree such that the depolymerized substrate fails to 
demonstrate a property of the native hyaluronate; 7.e., the formation of a 
mucin-like clot on addition of acetic acid and protein. 

Specimens of original sera and their fractions were tested for inhibition of 
hyaluronidase of both streptococcal and testicular origin. The strepto- 
coccal enzyme was prepared by concentration of a filtrate obtained after 


_*This study was aided by grants from the Life Insurance Medical Research 
Fund and the Helen Hay Whitney Foundation. 
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cultivation, in a protein-free bacteriologic medium, of a strain of group A 
hemolytic streptococci, selected for its ability to produce hyaluronidage 
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Fig. 1. Schematic representation of electrophoresis cell showing the way in 
which serum fractions were recovered at the end of arun. Positions of components 
and the way their concentrations vary throughout the cell are indicated. Buffer 
ion concentration is designated by t. Descending and ascending electrophoretic j 
patterns which are a measure of the slope of the enveloping concentration curve or 
the change in total concentration (refractivity) throughout the cell are illustrated 
by the dotted curves. 


TABLE [| 


Occurrence of Streptococcal Antihyaluronidase in Fractions of Sera of Two Patienis 
with Acute Rheumatic Fever 


Fraction Subject I Subject IT I 
units per ml. units per ml ) 
A. <5 <5 
“+ a <5 <5 
ape. i ag <5 <5 
¥y 960 1280 
“+B 960 1920 
Whole 1280 2240 : 
* A. represents albumin; a, a:-globulin; a2, a2-globulin; y, y-globulin; and 8, re 
& giobulin. 1 
(type 4). The testicular enzyme was generously supplied by the Wyeth 
Institute of Applied Biochemistry, Philadelphia. 7 


tior 
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ipA Taste II 
dase Occurrence of Two Inhibitors of Hyaluronidase in Various Fractions of Four Specimens 
of Se rum 


sons Subject Fraction* Proteint Streptococcal Testicular 
gm. per units units units units 
A 100 ml. per mil. per gm. per ml. per gm. 
ER D. M. A. 0.58 <5 0 1.9 325 
Ara; | a 2.04 0 0 19 | 93 
—_ | oe ee ae 2.48 0 0 1.9 77 
wn: 4 , ROS erase 2.72 | 0 | 0 19 | 70 
| ’ 0.77 | 40 | 5,200 | 0 0 
_ ie 1.40 | 40 | 2,860 0 0 
ee | Aa Ga ce 1.86 40 2,150 0 0 
Unseparated 4.0 40 1,000 1.9 48 
\ 
i T. H \ 1.64 <5 0 3.8 228 
+ a 2.61 0 0 2.5 96 
4 +“+ta 3.17 0 | 0 2.5 78 
see | cop eH Oe 4B 3.50 | 0 | Oo.) S49) 2 
| 1.19 | 240 | 20,000 | 0 | 0 
, 8 1.82 | 240 13,000 0 0 
vay ir ae ae oe 2.22 | 240 | 11,000 0 0 
onents Unseparated 5.0 240 4,800 2.5 50 
Buffer 
horetic Mc. | OA 1.35 <5 0 10 740 
Irve or a 2.62 | <5 0 6.3 | 238 
strated (4. © 4 gg, 3.03 | <5 0 6.3 207 
+ +“ +8 3.2 | <5 0 5 312 
7 0.5 30 6,000 0 Pig 
‘+8 ie |} -@ 3,340 0 0 
eee “4 4 a 1.65 | 40 2,430 0 0 
atvents Unseparated 4.0 60 1,500 6.3 156 
} 
r. 8. \ a ae e | 0 12.5 1025 
+ ay 2.32 | | a 0 10 | 430 
+ “+a 2.93 0 | 0 6.3 | 213 
a ee + 8 3.43 0 0 6.3 182 
+ 0.84 30 3,570 0 0 
o4 8g 1.5 40 2,670 0 0 
~ ft Ab ae ree 40 2,260 0 0 
Unseparated 4.1 60 | 1,460 7.5 183 


i *A. represents albumin; a1, ai-globulin; az, a2-globulin; 8, 8-globulin; and y, 
- and 8, y-globulin. 


t Estimated from refractometric readings on a Zeiss interferometer. 
Wyeth Results 


The first electrophoretic analyses were performed to determine the frac- 
tion which contained the inhibitor of the streptococcal enzyme mentioned 
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above. Because, in our experience, the highest known concentrations of 
this inhibitor in serum occurred in patients with acute rheumatic fever 
(3, 5), the sera of two such patients were examined. The results of these 
analyses, as shown in Table I, indicated that all of the antistreptococcal 
inhibitor occurred in the y-globulin fraction, although the original concen- 
tration of this antihyaluronidase in the serum was so high that a very smal] 
fraction of it could have been detected in other fractions, had it occurred, 
Because of this clear electrophoretic differentiation between the antites- 
ticular and antistreptococcal inhibitors, an analysis was carried out of the 
distribution of these inhibitors in the sera of four normal human subjects, 
The results of this analysis are shown in Table II. The results given show 
that, in agreement with the previous report in which the antitesticular fac- 
tor was measured viscosimetrically (1), there is little or no inhibitory ac- 
tivity in the serum fractions to testicular hyaluronidase except in those 
containing albumin. ‘Table II shows further that only fractions containing 
y-globulin possess appreciable inhibitory action to streptococcal hyaluro- 
nidase. From the data it would appear that the purer the albumin the 
greater the antitesticular hyaluronidase activity. Thus, the fraction la- 
beled albumin actually contained less albumin per ml. than did fractions 
labeled albumin plus a-globulin or albumin plus -globulin, etc., as is sche- 
matically illustrated in Fig. 1, yet it possessed the highest activity. This 
statement does not hold, however, for the antistreptococcal activity of y- 
globulin fractions, in which the inhibiting action seemed to be in proportion 
to the quantity of y-globulin irrespective of the presence of other fractions. 
In experiments on the respective fractions it was found that the inhibitor 
associated with albumin was heat-labile, being almost completely destroyed 
in 30 minutes at 56°, whereas the antistreptococcal hyaluronidase in 
y-globulin was heat-stable, losing no activity under these conditions. 


DISCUSSION 


The differences in electrophoretic migration of the two inhibitors of hyal- 
uronidase studied are so clear cut as to require nocomment. The migration 
of the antistreptococcal inhibitor with the y-globulin fraction is quite con- 
sistent with other evidence that this is a true antibody, such as the stability 
of this inhibitor to heating at 56° for 30 minutes mentioned above and 
the occurrence of this inhibitor in relation to streptococcal disease (4). On 
the other hand, it is likely that the inhibitor associated with albumin is not 
an antibody, because of its electrophoretic migration, its heat lability, and 
its disappearance from fresh serum after storage for more than a week in 
the refrigerator. It is more probably a substance which interferes with 
the action of the enzyme on its substrate. In this connection the failure 
of demonstration of the albumin-associate inhibitor when tested against the 
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streptococcal enzyme is of some interest. In the sera thus far tested the 
concentration of this inhibitor was so low when tested against testicular en- 
zyme that the negative results against streptococcal enzyme are of ques- 
tioable significance. Should exploration of sera more rich in the albumin- 
associated inhibitor bear out the results obtained thus far, it would imply 
a difference between the two enzymes and their mode of action, such that 
one of the two is susceptible to interference by this inhibitor. 

Of further interest is the fact that Fulton, Marcus, and Robinson (6) 
have reported an increase in thermolabile hyaluronidase inhibitor in the 
serum of humans with malignancies. 


SUMMARY 


The antihyaluronidase, which inhibits streptococcal hyaluronidase and 
which is found to be more concentrated in the sera of patients with strepto- 
eoccal and rheumatic infection, migrates entirely with the y-globulin of 
human sera and is thus distinct from the inhibitor of hyaluronidase de- 
scribed by Glick and Moore, which migrates with albumin. 

Other characteristics of the two inhibitors indicate that the former is a 
true neutralizing antibody, and that the latter is not. 
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STUDIES ON THE PHOTOCHEMISTRY OF 2-METHYL-1,4- 
NAPHTHOQUINONE* 


By ROBERT H. DAVIS, ALICE L. MATHIS, DAVID R. HOWTON, 
HERMAN SCHNEIDERMAN, anp JAMES F. MEAD 


(From the Medical School, University of California at Los Angeles) 
(Received for publication, January 31, 1949) 


It has been known since the isolation of the vitamins K that deriva- 
tives of 2-methyl-1 ,4-naphthoquinone (MNQ) are unstable to light (1-5). 
However, the exact nature of the chemical change is still under discussion 
(6,7). An interesting observation by MacCorquodale and coworkers (3) 
that the vitamin is quite stable as it exists in crude extracts, only be- 
coming labile after a fair degree of purification, has apparently gone un- 
noticed. In subsequent investigations with the purified vitamin, elaborate 
precautions have been taken to avoid exposure to light. 

In connection with an investigation in this laboratory of the metabolism 
and of the effect of x-ray irradiation! on the vitamins K, it was found that 
physiological sodium chloride solutions of MNQ are stable even when ex- 
posed to direct sunlight for periods of up to 1 hour. Consequently, an in- 
vestigation of several substances was undertaken to determine which pro- 
tect the vitamin in solution and what limits of concentration afford pro- 
tection. 

Ewing and coworkers (5) determined the rate of decomposition of vi- 
tamin K by ultraviolet light, and from the changes in the ultraviolet 
spectra thus produced, drew conclusions as to the nature of the chemical 
changes which took place. The results of similar experiments we have 
performed with MNQ in ultraviolet light and direct sunlight are illus- 
trated in Figs. 1 and 2 respectively. Several points in these families of 
curves are of interest. 

First, it may be noticed that, aside from the greater rate of change 
produced by sunlight compared with the Hanovia lamp, there appears to be 
a qualitative difference? in the curves which may point to some difference 
in the types of reactions involved and the products formed. 


* This report is based on work performed under contract No. AT-04-1-gen-12 with 
the Atomic Energy Commission for the University of California at Los Angeles. 
‘No change in the absorption spectrum of a 3.70 X 10~¢ M solution of MNQ was ob- 
served after exposure to 330 roentgens per minute for 2 hours. 
ae example, the curves in Fig. 2 do not pass through the isosbestic points of 
ig. 1, 
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Second, as the group of maxima (Fig. 1) at about 250 my reduces in ip. 
tensity under ultraviolet illumination a new maximum at 228 my’ appears 
increases somewhat in intensity, and then begins to decrease. This obser. 
vation can most easily be explained as the result of consecutive reactions 
rather than as the formation of a single product from a single reaction, as 


65 |_ 


& & 
! 


OPTICAL DENSITY 
& 
| 


25 |_ 


> 





ISL 





0 2l 20 2 
A (mys) 
Fic. 1. Absorption curves showing the effect of ultraviolet radiation on 2-methyl- 
1,4-naphthoquinone in water. The readings for Curves 1 to 7 were taken at 0, 40,9), 
120, 160, 200, and 240 minutes respectively. 


postulated by other workers (6, 7). The nature of this change is being 
investigated further. 

As Ewing noted for vitamin Kj, isosbestic points are evident at 278 and 
235 my (Fig. 1). These points are a very convenient measure of the coll 
bined concentrations of MNQ and its decomposition products at any 


stage of the reaction. Finally, the freedom of MNQ from its decompos! | 


tion products can be determined simply by a comparison of the intensity 
of the absorption at 228 my with that at 250 mu. 


3 Ewing et al. (5) apparently did not make observations in this region. 
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Fig. 2. Absorption curves showing the effect of sunlight on 2-methyl-1,4-naphtho- 
quinone in water. The readings for Curves 1 to 3 were taken at 15, 60, and 120 min- 
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Fig, 3. Effect of various anions on the decomposition of 2-methyl-1,4-naphtho- 
quinone by ultraviolet light. The readings for Curves 1 to 4 were taken on KCl, 
NaBr, NaF, and H.0 solutions respectively. 


Fig. 4. Effect of chloride ion concentration on the decomposition of 2-methyl-1,4- 


KCl solutions of 0.1, 0.01, and 0.001 per cent approximately, respectively. 


omposi- | taphthoquinone by ultraviolet light. The readings for Curves 1 to 3 were taken on 


a. | 
itensity | 


In order to clarify the nature of the protective action of sodium chloride, 
the effect of sodium sulfate was determined. The observation that the 
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latter did not protect solutions of MNQ against photochemical changes 
indicated that chloride ion was responsible for our initial finding and 
led us to test several other anions, with the results shown in Fig. 3. Bro. 
mide ion, no less than chloride ion, is seen to afford adequate protection, 
Other anions and substances not tried in this preliminary investigation 
may, of course, also have this effect. 

Finally, the effect of chloride ion at several concentrations was de- 
termined to ascertain the lower limits affording protection. These results 
(Fig. 4) show that solutions of MNQ in 0.1 per cent KCl are quite stable, 
Even those in 0.01 per cent KCl are reasonably stable if the exposure 
to ultraviolet light is fairly short in duration. 

Since chloride ion does not absorb light appreciably in the range con- 


cerned here, and since there is no interaction between chloride ion and | 


MNQ (as indicated by the identity of the absorption spectra of solutions 
of the latter in the presence or absence of chloride ion), it seems fairly 
certain that the protection of MNQ against photochemical decomposition 
afforded by chloride, bromide, and (possibly) other ions is attributable to 
inactivation by these ions of the photon-activated MNQ molecule. Among 
numerous known instances of probably analogous phenomena, the most 
familiar is the quenching of the ultraviolet fluorescence of quinine solu- 
tions by chloride ion. 

It is thought that this preliminary report may point the way to further 
investigations of the subject and also indicate a simple and inexpensive 
method of preventing the light-induced inactivation of vitamin K. 


EXPERIMENTAL 


Photochemical Decomposition of MNQ—2-Methyl-1 ,4-naphthoquinone 
(Eastman Kodak Company, White Label) was recrystallized‘ twice from 
absolute methanol, and 0.0289 gm. of the recrystallized product was dis- 
solved in 20 ml. of 96 per cent redistilled ethanol and diluted with distilled 
water to 500 ml., giving a 3.34 X 10-4 M solution. This stock solution 
was stored in a volumetric flask and kept in a refrigerator until just prior 
to use, when it was allowed to warm to room temperature in the dark. 
The solution was stable throughout the entire period of research. 5 ml. 
of stock solution were diluted with distilled water to 50 ml., giving a dilu- 
tion of convenient optical density. The absorption spectra of all solutions 
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were taken on a Beckman spectrophotometer at wave-lengths from 21) | 


to 280 my, with use of silica cells whose light paths were from 0.997 to 
1.002 cm. The hydrogen lamp was used as a source of illumination.’ 
‘ No change in absorption spectra was found after the first crystallization. 


‘It was ascertained that no destruction of MNQ occurred while the absorption 
cell was in the instrument. 
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The exposure of MNQ was carried out in an asbestos tube 69 K 15 X 
15 em., open at both ends, which was set up in a darkened fume hood. 
The source of illumination was a Hanovia ultraviolet lamp fitted with a 
No. 5032 filter. The wave-length of emitted light was 366 my. No 
measure of the intensity of the radiation was made. The lamp was placed 
at the open end of the tube and masked in order to eliminate any stray 
radiation. Cooling of the lamp housing by several jets of compressed 
air was used to prevent heating the apparatus. The cells containing the 
slutions to be illuminated were placed in the Beckman cell holder and 
gt in the tube, 30 cm. distant from the lamp. 

After each exposure, the absorption spectrum was taken and the curves 
plotted. 

Since this procedure was rather slow for large photochemical changes, 
exposure to direct sunlight was tried. It was observed that 15 minutes 
in direct afternoon sunlight caused a greater destruction of MNQ than 
#0 minutes exposure to the lamp. ‘The curves obtained by scanning 
the spectrum from 215 to 278 my of a water solution of MNQ, which had 
been exposed to sunlight for periods of 15 minutes, 1 hour, and 2 hours, 
are shown in Fig. 2. 

Protective Effects of Various Anions—5 ml. of 3.34 X 10-4 m MNQ solu- 
tion were diluted to 50 ml. with 0.735 m sodium sulfate. Exposure of this 
solution to 15 minutes of direct afternoon sunlight showed no appreciable 
protection. 

Solutions of 0.169 m KCl, NaBr, and NaF with MNQ were made up as 
above and exposed to the ultraviolet light of the Hanovia lamp, as pre- 
viously described. The optical density of the solutions was taken at 
20 mu, giving the results illustrated in Fig. 3. 

Concentration of Chloride Ion Necessary for Protection—To determine 
the concentration of KCl necessary to afford protection against destruction 
a MNQ by ultraviolet light, the 0.169 mM KCl solution was diluted 10:1, 
10:1, and 1000:1 to give approximately 1.69  10-? m, 1.69 X 10-* M, 
and 1.69 X 10-4 m concentrations of chloride ion. The decrease in the 
20 my peak for various times of exposure to the Hanovia lamp source, 
as described above, is shown by the curves in Fig. 4. 


SUMMARY 


1, Existing knowledge of the chemistry of the light-induced decomposi- 
tion of the vitamins K may be incomplete. 


2, A simple method of protecting the vitamins from this decomposition 


‘Illumination without the filter produced the same rate of change in the spectra 
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is proposed. The method consists of the addition of sodium chloride to 
solutions of the vitamins. 
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A METHOD FOR THE DETERMINATION OF a-AMINO- 
8-HYDROXYISOVALERIC ACID 
(8-HYDROXYVALINE)* 


By CARL M. STEVENS anp PHILIP E. HALPERN 
(From the Fulmer Chemical Laboratory, State College of Washington, Pullman) 


(Received for publication, December 6, 1948) 


The possibility of the natural occurrence of a-amino-8-hydroxyisovaleric 
acid (8-hydroxyvaline) (I) has been indicated from several] sources. The 
isolation of a “hydroxyvaline” was reported by Schryver and Buston (1), 
Brazier (2), and Czarnetzky and Schmidt (3), although these claims have 
been questioned (4, 5). Several workers have suggested the occurrence in 
proteins of hydroxyamino acids other than serine, threonine, and “‘hydroxy- 
lysine,” but again the data are inconclusive (6-8). Also, the isolation of 
a-amino-8-thiolisovaleric acid (penicillamine) as a cleavage product of the 
penicillins (9) has suggested, by analogy with the known interrelationship 
of cysteine and serine, the possibility that the analogous hydroxy com- 
pound might occur. It seemed of interest, therefore, to devise a suitable 
method for the determination of B-hydroxyvaline in order to determine 
with some certainty the presence or absence of the compound in natural 
materials. 

The procedure developed for the determination of 8-hydroxyvaline is 
based on published methods (10, 11) for the determination of threonine and 
serine. The solution containing the free amino acids is treated with perio- 
date. Under the conditions, serine yields formaldehyde, threonine yields 
acetaldehyde, and 6-hydroxyvaline might be expected to yield acetone. 


CH, 


CH(OH)—CH(NH,)—COOH at 





CH, (D CH,—CO—CH, + CHO—COOH + NH, 


In the procedure for the determination of threonine and serine, the acetalde- 
hyde is removed by aeration and collected in sodium bisulfite solution. 
In the presence of an excess of free amino acids, the formaldehyde is quanti- 
tatively retained in the original solution. The acetaldehyde may then be 
determined iodometrically. The formaldehyde is estimated by precipita- 
tion with dimethyldihydroresorcinol (dimedon) (11), or by colorimetric (12) 

* This study was aided by a grant from the Cutter Laboratories, Berkeley, Cal- 


ifornia, and is to be submitted in partial fulfilment of the requirements for the de- 
gree of Doctor of Philosophy at the State College of Washington. 
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TABLE [| or 
Analysis for B-Hydroxyvaline in Some Natural Products wi 
The figures in parentheses indicate the number of analyses performed , wi 
B-Hy- | lis 
droxy- ml 
valine ; - 
Sample a ee” | i ae 
hy- pa 
droly- | 
sis } on 
mg. mg. mg wi 
SE WUOMNES. . o.oo ics cc ckavecvacs lewd ) | : 
tee Ee Ae | : es 
) Te a ee _ (4)/11.7-11.9 (4 rel 
Eee ee oe ee hv 
“ = . : 
SG co fee alee a 
250.0 ‘** casein........... ip ‘ae 0.0 (4)| 8.5- 8.6 (4) de 
ee eee i 2.50 | 2.5 (2)| 8.5- 8.6 (2) m2 
eS Mk. sive canebins 0.50] 0.5 (2)| 8.6 (2) | 
200.0 “ zein.... 0.0 (4)| 6.1- 6.2 (4) | tio 
ha ee ......{2.00] 2.0 2.1 (4)} 6.0 6.2 (4) | an 
200.0 ‘ wholesilk......... eae 0.0 (4)| 7.6- 7.7 (4) 
2000 «© «§ “et ....+(2.00] 1.92.1 2) 7.6-7.7@) | ™ 
et MII. «sos 20s inetd ease | 0.0 (2)| 4.8 Qs] 
200.0 ‘“* P. chrysogenum mycelium, 20 hr... | 0.0 (2)| 1.8- 1.9 (2 am 
alla = ” 3 ....308 | (2)} 1.8- 1.9 (2) pre 
_—e° | 7 = ree 0.0 (2)| 1.8- 1.9 (2) 8-h 
200.0 “© “ 5 = es whe 0.0 (2)| 1.8- 1.9 (2) ne 
16.0 ml. P. chrysogenum culture filtrate, 0 , 
DL AER AIR Ri Keele weston. 0.0 (2)| 8.0- 8.1 (2) do 
16.0 ml. P. chrysogenum culture filtrate, 20 Cas 
Se, 2 ee Ene Reena ON girly oer Ea 0.0 (2)| 7.0- 7.1 (2 _ one 
16.0 ml. P. chrysogenum culture filtrate, 20 | | sho 
1 ER Oe ee ee pethie Rlertea tiers Pe 2.0 (2)| 7.2 2 
16.0 ml. P. chrysogenum culture filtrate, 40 | 
er ee Yr ee ape, | 0.0 (2)| 7.2 2 
16.0 ml. P. chrysogenum culture filtrate, 60 I 
See FS Les Mee Re Pa ee eee = 0.0 (2)| 7.0 2 con 
— . of 


* The recoveries are quantitative in every case, within the experimental error of | a 
the method (+5 per cent). 


+ Determinations of serine were run simultaneously by the method of Shinn and fror 
Nicolet (11) and yielded values of 11.3 to 11.7 mg. of serine. The sample analyzed Gel 
wasair-dried. If corrected for moisture (6.8 per cent) and expressed in the usual way 8.04 
as per cent of amino acid in the protein, the values for serine (4.9 per cent) and The 
threonine (3.7 per cent) in casein compare reasonably well with published values 
(cf. (13, 20)). Apparently, the simultaneous determination of serine is feasible pro 


t In this experiment the 8-hydroxyvaline was added after hydrolysis. 1 
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or iodometric (13) procedures. In experiments with 8-hydroxyvaline, it 
was found that treatment with periodate yielded acetone. The acetone 
was removed from the reaction mixture by aeration and its identity estab- 
lished by preparation of the 2,4-dinitrophenylhydrazone (m.p. 123-124°; 
mixed melting point with authentic sample, 123-124°). However, under 
the conditions of the threonine procedure, the acetone was retained only 
partially but not quantitatively in the bisulfite solution. Available data 
on the reversible reaction of acetone with bisulfite (14) suggested that ace- 
tone might be quantitatively retained if the bisulfite solution was kept at 
alow temperature. This was found to be the case. Furthermore, it was 
established that, by more prolonged aeration, acetone could be completely 
removed from the bisulfite solution at room temperature while acetalde- 
hyde was retained. ‘Thus, the quantitative separation of formaldehyde, 
acetaldehyde, and acetone was possible and, therefore, the simultaneous 
determination of serine, threonine, and 8-hydroxyvaline, if present in a 
single sample. 

The procedure developed is described in detail in the experimental sec- 
tion. Results of recovery experiments on known mixtures of amino acids 
and of some analyses of natural products are included in Table I. By the 
method as little as 0.5 mg. of pure 8-hydroxyvaline in 250 mg. of hydrolyzed 
protein can be estimated with some accuracy. Considerably smaller 
amounts could be detected. In no case were hydrolysates of the natural 
products found to contain a detectable amount of 6-hydroxyvaline. Since 
8-hydroxyvaline added to the materials before hydrolysis was recovered in 
nearly quantitative yield in all cases, it seems probable that the compound 
does not occur in detectable amounts in these natural products. In the 
case of the purified proteins, the size of the samples (200 mg.) was such that 
one 8-hydroxyvaline residue in a protein of molecular weight of 40,000 
should have been readily estimated. 


EXPERIMENTAL 


Preparation of B-Hydroxy-p.-valine—8 ,8-Dimethylacrylic acid (15) was 
converted to a-bromo-8-methoxyisovaleric acid essentially by the procedure 
of West, Krummel, and Carter (16) for the preparation of the analogous 
a-bromo-8-methoxy-n-butyric acid.! 8-Hydroxy-pt-valine was prepared 
from a-bromo-8-methoxyisovaleric acid by the method of Schrauth and 
Geller (17). The product melted at 217-219° (uncorrected); C 45.26, H 
8.04, N 10.49; calculated for CsHnO3N, C 45.11, H 8.26, N 10.52 per cent. 
The amino acid was converted to the N-benzoy] derivative by a customary 
procedure (18). The product was recrystallized from ethyl acetate and 


‘Dr. Vincent du Vigneaud and Dr. Herbert McKennis (private communication) 
have demonstrated this extension of the method. 
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melted at 148.5-149.5° (uncorrected); C 60.61, H 6.31, N 5.92; calculated t 
for CisH1s0.N, C 60.74, H 6.36, N 5.90 per cent; neutralization equivalent t 
237. Abderhalden and Heyns (5) report a melting point of 153° for the a 


compound. t 
Materials Analyzed : 
Casein—Vitamin test casein, control No. 1/16201, General Biochemicals, ti 
Inc., Chagrin Falls, Ohio. . 
Zein—Regular zein FH-54, supplied by Dr. A. L. Wilson, Corn Products 
Refining Company, Argo, Illinois. ‘i 
Whole Silk—Obtained through the courtesy of Dr. Stanford Moore, The re 
Rockefeller Institute for Medical Research, New York. ‘ 
Bacillus subtilis (ATCC 6633)—A dried preparation of the organism har- pe 
vested from submerged culture at the Western Regional Research Labora- is 
tory, United States Department of Agriculture, Albany, California, and m 
supplied to Dr. James McGinnis of this institution. bs 


Penicillium chrysogenum (Strain Q-176)—Representative samples of com- 
mercial batches from the production of penicillin were taken at different tit 
time intervals (0, 20, 40, and 60 hours) from the start of the fermentation. T 
These were kindly supplied by Dr. K. S. Pilcher, Cutter Laboratories, 8 
Berkeley, California. The mold mycelium was separated by filtration, Dl 
washed with water, and dried in vacuo at room temperature. Hydrolysates gy 
of the solid materials were prepared by heating the substance under areflux 9. 
with 12 volumes of 6 N hydrochloric acid. The excess acid wasremovedby pe 
repeated evaporation in vacuo. It was found necessary to treat the casein py 
hydrolysate with a small amount of decolorizing carbon to prevent sub- | 
sequent foaming during analysis. The hydrolysates of culture fluids were | mm, 
prepared similarly except that initially 7 ml. of concentrated hydrochloric gg 
acid were added to 5 ml. of culture filtrate. The total N content of the th 
original culture fluids varied from 0.18 to 0.26 per cent. As 


Determination of 8-Hydroxyvaline 


Apparatus—The apparatus is similar to that of Shinn and Nicolet (10) 13 
except that two additional tubes are placed in the absorption train. This | 
consists of fivePyrex test-tubes (2.5 X 20 cm.). The firsttubeis fittedwith ng 
a dropping funnel which also serves as the gas inlet tube. It is convenient the 
to carry out duplicate analyses simultaneously by arranging two trainsiD gg 
series, separated by a tube of saturated sodium bicarbonate solution. bor 
Procedure—The five tubes are charged as follows: Into the first tube, 
which serves as the reaction tube, are introduced, in the following order, 
(1) the sample to be analyzed in a volume of 5 to 8 ml., (2) 5 ml. of 1 ! 
sodium bicarbonate solution, and (3) 10 ml. of 0.1 N sodium arsenite soll- gj 
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tion, containing 20 gm. per liter of sodium bicarbonate. The second and 
third tubes contain 1 ml. of 2 per cent sodium bisulfite solution diluted to 
approximately 25 ml. with distilled water. The fourth and fifth tubes con- 
tain 10 ml. of 2 per cent sodium bisulfite solution diluted to approximately 
95 ml. with distilled water. These last two tubes are immersed in an ice 
bath and allowed to reach the temperature of the ice bath before the reac- 
tion is started. The sodium bisulfite solution should be prepared fresh 
weekly and stored at 5°. 

The apparatus is assembled and carbon dioxide is passed through for 
several seconds to mix the contents of the tubes. The gas inlet tube is then 
removed from the funnel and 2 ml. of 0.5 m periodic acid (HsIO¢) are added 
with the stop-cock closed. The gas inlet tube is then connected and the 
periodic acid solution allowed to flow into the first tube. Carbon dioxide 
is passed through the system for 4 hours at the rate of about 1 liter per 
minute. During this entire period, the last two tubes are kept in an ice 
bath. 

At the end of the aeration, the contents of the second and third tubes are 
titrated either separately or combined according to the following procedure: 
The excess bisulfite is titrated with the 0.05 N iodine solution (containing 
8 gm. per liter of potassium iodide), with starch as indicator. 2 gm. of 
pulverized disodium hydrogen phosphate are added and the liberated bi- 
sulfite is titrated with 0.02 N iodine solution (prepared by dilution of the 
0.05 N solution). The end-point is reached when the starch-iodine color 
persists for 30 seconds. 1 ml. of 0.02 N iodine solution is equivalent to 1.19 
mg. of threonine. 

The acetone collected in the fourth and fifth tubes is estimated iodo- 
metrically in a similar fashion, except that the titration with 0.05 N iodine 
solution is carried out at 5°. 2 gm. of disodium hydrogen phosphate are 
then added and the solution is placed in a water bath at 50° for 2 minutes. 
As suggested from previous studies (14, 19), it was found that quantitative 
results for acetone were not obtained if the sodium phosphate was replaced 
by sodium bicarbonate. 1 ml. of 0.02 N iodine solution is equivalent to 
1.33 mg. of 8-hydroxyvaline. 

Although the amount of 0.05 N iodine solution used in the first titration 
need not be known, an excess of iodine at this point should be avoided. If 
the bisulfite originally added is measured carefully, the titration of the ex- 


cess bisulfite may be used as an additional check on the amount of bisulfite 
bound. 


SUMMARY 


A procedure has been developed for the quantitative separation and 
éstimation of small amounts of acetaldehyde and acetone. It has been 
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shown that oxidation of a-amino-8-hydroxyisovaleric acid (6-hydroxy- 
valine) with periodate yields acetone quantitatively. On the basis of these 
results, a method for the simultaneous determination of 8-hydroxyvaline 
and threonine has been devised. No evidence was found for the occurrence 
of 8-hydroxyvaline in any of the natural materials examined. 
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BIOCHEMICAL STUDIES ON DIPHENHYDRAMINE 
(BENADRYL*) 


I, CHEMICAL DETERMINATION OF DIPHENHYDRAMINET 


By WESLEY A. DILL anp ANTHONY J. GLAZKO 


(From the Research Laboratories, Parke, Davis and Company, Detroit) 
(Received for publication, January 14, 1949) 


The colorimetric determination of Benadryl (8-dimethylaminoethyl 
benzhydryl ether) is based on a general procedure for organic bases de- 
sribed by Brodie and Udenfriend (1). It depends on the reaction of the 
organic base with methyl orange to form a colored complex salt which is 
soluble in certain organic solvents. In using standard solutions of Benadryl 
in ethylene dichloride, it was found that methyl orange entered the organic 
phase in direct proportion to the concentration of Benadryl (2).'_ How- 
ever, application of these earlier procedures to the analysis of urine and 
tissues gave high blanks, due to the presence of interfering substances. 
The method described here involves a double extraction technique which 


eiminates most of the interference, making it suitable for the determination 
of Benadryl in biological materials. 
Reagents— 


1. Heptane. Technical grade heptane is shaken for 5 minutes with one- 
fifth volume of 10 per cent NaOH. After separation, the hydrocarbon 
layer is washed successively with 1 N HCl and three separate portions of 
distilled water. 

2. Ethylene dichloride (EDC). ‘Technical grade EDC is purified by 
successive washes with alkali, acid, and water, as described for heptane. 

3. Borate buffer. A 0.2 m borate buffer is made up by dissolving 12.4 
gm. of boric acid and 14.9 gm. of KCl in about 800 ml. of water, adjusting 
the pH to 8.0 by the addition of 1 N NaOH, and bringing the final volume 
to 1000 ml. 

4, Methyl orange reagent. 0.5 m boric acid solution is saturated with 
methyl orange by shaking overnight in a mechanical shaker. Any un- 
dissolved methyl orange is filtered and the solution is washed with three 
separate portions of EDC. ‘The final reagent is stored in a bottle contain- 
ing a lower layer of EDC. 


“Benadryl hydrochloride, registered trade name for diphenhydramine hydro- 
chloride. 


; t These studies were reported in part at a meeting of the Federation of American 
Societies for Experimental Biology, March, 1948. 
‘Sultzaberger, J. A., unpublished data, Parke, Davis and Company (1945). 
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5. Acid-alcohol reagent. 2 ml. of concentrated sulfuric acid are mixed 
with 98 ml. of absolute ethyl alcohol. 


Colorimetric Procedure cal 


The final color is produced in EDC solutions containing up to 3.0 y of 
free Benadryl base per ml. 0.5 ml. of the methyl orange reagent is added 
to approximately 10 ml. of the EDC solution in a glass-stoppered tube, 
and the mixture is shaken mechanically for 5 minutes. As much of the 
methyl orange layer as possible is aspirated, and the EDC layer is centrj- 
fuged at 1500 r.p.m. for about 10 minutes. The residual methyl orange 
collects at the sides of the tube. 

5 ml. of the EDC layer are pipetted into 18 X 150 mm. test-tube cuvettes 
containing 0.5 ml. of the acid-alcohol reagent. Care is taken to see that 
no trace of the aqueous methyl orange reagent is transferred in this process. 
The contents of the cuvette are mixed thoroughly, and the optical density 
is read against a reagent blank by using a Coleman junior spectropho- 
tometer set at 535 mu. 

The optical densities are referred to a standard curve prepared in the 
same manner, with known concentrations of Benadryl. Standard solu- 
tions of Benadryl hydrochloride are prepared in aqueous solutions, which 
are made alkaline and extracted into a known volume of EDC. Aliquots 
of the EDC are then taken for the colorimetric procedure. Typical results i 
obtained in this manner on standard solutions of Benadry] are presented Read 
in Fig. 1. X 15 


EXPERIMENTAL 


Extraction of Benadryl from Aqueous Solutions—In attempting to find 
the best organic solvent for extracting Benadryl from biological materials, 
a number of different systems were examined for distribution of the drug. 
It was found that EDC, heptane, and petroleum ether were satisfactory. — 
The use of the less polar solvents (heptane and petroleum ether) produced 
lower blanks with normal biological samples than were obtained with EDC, 
indicating that smaller amounts of interfering substances were extracted. 0.1) 
Heptane has proved to be more satisfactory than petroleum ether because 4.0. 
it is easier to handle without appreciable evaporation losses. 

Table I shows the effect of pH on the distribution of Benadryl between 10. 
EDC and 0.2 m phosphate buffer at room temperature. The extraction 8.0. 
of Benadryl was practically complete when the aqueous phase was on the = 0.1 
alkaline side of pH 7.0. Similar results for heptane are presented i 
Table II, which shows that complete extraction of Benadryl is obtained 
when the pH of the aqueous solution is greater than 9.0. Shaking EDC the 
or heptane with 0.1 Nn HCl resulted in complete transfer of the Benadryl dichl 
to the acid layer. direc 
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Recovery of Benadryl from Plasma; Double Extraction Technique—The 
technique of double extraction is used to reduce the blank value of biologi- 
cal samples. This involves (a) extraction of Benadryl from an alkaline 
lution with heptane, (b) extraction of the heptane with dilute HCl, 
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Fig. 1. Standard curve for Benadryl obtained by the methyl orange procedure. 


Readings were taken with a Coleman junior spectrophotometer at 535 mu, with 18 
X 150 mm. test-tube cuvettes. 





TABLE I 
Effect of pH on Extraction of Benadryl with Ethylene Dichloride 
A mixture containing 1 ml. (25 y) of Benadryl, 3 ml. of 0.2 m phosphate buffer, 
and 10 ml. of EDC was shaken for 10 minutes and centrifuged. The EDC layer 
was analyzed for Benadryl by the methyl orange procedure. 














pH Benadryl in EDC layer Recovery 

| + per cent 
eee | 0 | 0 
a | 5.7 | 23 
Ua yee sl. eas savesiee nl 20.4 | 82 
+ 24.8 99 
> ee | 25.6 102 
a 25.0 100 








teturning the Benadryl to the aqueous phase, and finally (c), after making 
the aqueous solution alkaline, reextracting the Benadryl into ethylene 


dichloride. The final color reaction with methyl] orange is then performed 
directly on a portion of the EDC extract. 
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The following procedure was used to establish recoveries of Benadry! 
from plasma: 1 ml. of standard solutions containing 0 to 30 y of Benadryl 
was added to 3 ml. portions of oxalated human plasma in glass-stoppered 
bottles and made alkaline by the addition of 4 ml. of 0.1 N NaOH. The 
mixtures were shaken with 25 ml. of heptane for 10 minutes and then centri. 
fuged. 20 ml. of the heptane phase? were then pipetted into clean bottles 


‘Tas Le II 
Effect of pH on Extraction of Benadryl with Heptane 
A mixture of 1 ml. (100 7) of Benadryl, 10 ml. of 0.2 m phosphate buffer, and 1) 
ml. of heptane was shaken for 10 minutes and centrifuged. The heptane was as 
pirated and 1 ml. of 2.6 n NaOH added to a 3 ml. aliquot of the aqueous layer. 
This was extracted with 10 ml. of EDC, which was then analyzed for Benadryl by 
the methyl orange technique. 





pH | Benadryl in heptane layer 
| 7 per cent ‘total 
ee eee tee Te eee | 0 
Un Ms EEE tel ONT eA caveat | 49 
+ jt Oe er ne Re eee a ee ee eee are | 76 
aca hic i cia Pas ait Ee Wik Sia elaine a cee lain 8 wip aera e's 98 
ESE eee Peers Von eaUN isan van encase eis | 100 
MRE ANe Leen ey ne ern ee RFit tins occas vos eee eee 100 
SPORTED con Sorter wile dee plimiewtce eos eaten | 100 
TABLE III 
Recovery of Benadryl from Plasma 
Benadryl added to plasma Recovery 
~ a ~~ ae - * . - cent 
0.5 93 
1.0 97 
2.0 100 
5.0 104 


10.0 102 
and shaken with 6 ml. of 0.1 N HCl for 5 minutes, the Benadryl being 
transferred to the acid layer. 5 ml. of the acid layer were pipetted into 
another tube, and to this were added 1 ml. of 1 nN NaOH and 10 ml. ol 
EDC. The mixture was shaken for 5 minutes, returning the Benadry! 


2 With pure aqueous solutions of Benadryl in low concentrations, poor recoveries 
may be obtained due to adsorption on the glass containers. This can be overcome by 
the addition of a small amount of isoamy] alcohol to the heptane phase (3). How- 
ever, we have experienced no such difficulties when biological materials containing 
Benadryl are extracted with heptane. 
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to the organic phase. The aqueous layer was then aspirated, and as much 
of the EDC as possible was transferred to a glass-stoppered tube for the 
methyl orange reaction. A blank determination was also made on the 
same plasma without any Benadryl added to correct for interfering sub- 
stances. The results presented in Table III show good recoveries of 
Benadryl for concentrations between 1 and 10 y per ml. of plasma. 

The double extraction technique is also of value in reducing the possi- 
bility of Benadry] degradation products interfering with the determination. 
A single EDC extraction of an alkaline solution containing a small amount 
of 6-dimethylaminoethanol was found to produce color in the methyl 
orange reaction, but no detectable amount was found in the EDC after 
the double extraction procedure via heptane and acid. Benzophenone 


TABLE IV 
Recovery of Benadryl Added to Rat Tissues 


20 y of Benadryl were added to tissue homogenates, and per cent recovery was 


determined by the methyl orange technique after subtracting the blank value for 
normal tissue. 





| | 
Normal blank, 
Tissue | Benadryl equivalents Benadry] recovered | Benadryl recovery 
per gm. tissue 
Y y per cent . a 

rr ols 0.1 20.2 101 
Spleen... ... Bar. 0.4 21.0 105 
Heart. . ate 0.4 21.0 105 
Muscle. . 0.1 20.7 103 
Plasma... . Coke 0.0 21.0 104 
Red cells . a? 0.1 19.2 96 


' | 





and benzohydrol, other possible degradation products, gave no color by 
the methyl orange reaction. 

Recovery of Benadryl from Tisswes—Normal adult rats were sacrificed and 
different tissues removed for analysis. 1 gm. portions were weighed and 
homogenized in a motor-driven apparatus similar to the one described by 
Potter and Elvehjem (4), but with a stainless steel rotor in place of glass. 
Water was added during the homogenizing process,’ and the final ho- 
mogenates (about 5 ml.) were transferred to 60 ml. glass-stoppered bottles. 
20 y of Benadryl in aqueous solution were added to each sample. The 
solutions were made alkaline by the addition of 5 ml. of 0.1 n NaOH, and 
the mixtures were shaken with 25 ml. of heptane for 15 minutes. After 
eparation, 20 ml. of the heptane layer were pipetted into another bottle 


‘Excessive dilution of the homogenate increased the tendency to form emulsions 
with heptane, whereas insufficient dilution made complete extraction difficult. 
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and shaken with 6 ml. of 0.1 N HCl for 5 minutes. 1 ml. of 1 Nn NaOH 
was added to 5 ml. of the acid and shaken with 10 ml. of EDC. After 
separation by centrifuging, the EDC layer was taken for analysis by the 
methyl orange procedure. The same procedure was repeated without the 
addition of Benadryl to obtain normal tissue blanks, which are expressed 


TABLE V 
Distribution of Urinary Bases between Heptane and Aqueous Buffers 


Heptane, containing organic bases extracted from normal urine, was shaken with 
an equal volume of 0.2 m phosphate or borate-KCl buffer and analyzed by the methyl 
orange technique after extraction into 0.1 n HCl and EDC. The results are ex- 
pressed as per cent of original concentration of organic bases remaining in the 
heptane phase. 














pH | Urinary bases remaining 
: per cent 
6.8 (0.2 m phosphate buffer)............. CAN con GMa ee 6.3 
7.0 (0.2 “ os SME Rs ohare ersten lois areca aaa ro ae ars | 7.8 
7.2 (0.2 “ « SE 9 11.8 
7.4 (0.2 “ « A EO MEO rater 16.5 
7.6 (0.2 “ ‘a ae MPa ss NCR Sees aie eo | 20.4 
ge aS ene ee 28.6 
8.0 (0.2 “ " Sige) SE enn ees en erie 35.0 
8.2 (0.2 “ ia ROME) 2.25 scree aot aacy aan Siena 38.3 
8.4 (0.2 “ Nee aig See eka e here ane 45.4 
TaB.Le VI 
Recovery of Benadryl from Urine by Various Extraction Procedures 
| (a) EDC extraction (6) Double extraction () ym ay 
Benadryl added per ml. urine ——= e w: ; 
Optical | Percent | Optical | Per cent Optical Per cent 
| density | recovery | density | recovery density | recovery 
ae ee aro 
CO) oi. | 0.124 | 0.013 | | 0.005 
Pa Ws 2d BOGS Sas | 0.334 | 93 | 0.236 | 100 | 0.229 | 101 
BOA pelh, estas bye pos | 0.561 | 0 


| 460 | 101 


99 | 0.471 | 102 








as micrograms of Benadryl equivalents per gm. of tissue. The results are 
presented in Table IV. In all cases, the normal tissue blanks were quite 
low (0.1 to 0.4 y per gm.) compared with the quantity of Benadry] present 
(20 y per gm.). 

Procedure for Benadryl in Urine; Use of Alkaline Washes—Urine was 
found to give high blanks even with the double extraction technique 
because of the high concentration of other organic bases. This interference 
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was reduced markedly by washing the initial heptane extract with an equal 
yolume of a pH 8.0 borate-KCl buffer (see ‘‘Reagents’’). 

In establishing the optimum conditions for washing the heptane extract, 
the distribution of normally occurring urinary bases between heptane and 
aqueous buffers was studied. Human urine was made alkaline and ex- 
tracted with heptane to obtain the urinary bases which might produce 
interference. Aliquots of the heptane were then shaken with equal volumes 
of 0.2 M phosphate or borate buffers, and after separation of the two phases, 
the heptane was analyzed for organic base by the methyl orange technique, 
first extracting into 0.1 N HCl and then into EDC. ‘The results are pre- 
gnted in Table V, expressed as per cent of the original concentration of 
urinary bases in the heptane phase. By using 0.2 m borate-KCl buffer at 
pH 8.0, it was found that 65 per cent of the urinary bases was removed 
from the heptane by a single extraction. Under the same conditions, 
less than 2 per cent of the Benadryl] in the organic phase was removed. 

To illustrate the effect of different extraction procedures on urinary 
blanks, normal human urine was extracted (a) directly into EDC, (b) by 
double extraction via heptane and acid into EDC, andi(c) by double 
extraction in which the heptane phase was washed once with an equal 
volume of pH 8.0 borate buffer. Urine containing 2.0 and 4.0 y of added 
Benadryl was also extracted in the same manner. Final EDC extracts 
representing equivalent volumes of urine were analyzed for organic base 
by the methyl orange technique. The results are presented in Table VI. 
The blank value found in procedure (a) was reduced 10-fold by the double 
extraction procedure (b), and 25-fold by the use of a buffer wash in pro- 
cedure (c). Recoveries of Benadryl in procedure (a) were uncertain, due 
to the high blank, but in procedures (b) and (c) good recoveries were 
obtained with significantly lower urine blanks. 


SUMMARY 


Data are presented on various procedures for extraction of Benadryl 
from biological materials. A double extraction technique is recommended, 
involving extraction into heptane, transfer of the Benadryl back into acid 
solution, and from there into ethylene dichloride. In addition, an alkaline 
wash of the heptane extract is used where high concentrations of interfering 
substances are present. Final colorimetric measurements are made on 
the EDC solutions by the methyl orange technique for organic bases. 
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II. DISTRIBUTION IN TISSUES AND URINARY EXCRETIONt 
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Benadryl has been used extensively as an antihistamine agent, but little 
is known concerning its mode of action or metabolic fate. It is rapidly 
absorbed, as shown by earlier blood level studies (1-3) and the fact that 
clinical effects are observed in less than an hour (4). This paper presents 
observations on the distribution of Benadryl in the rat, chosen for its 
resistance to the action of histamine, and in the guinea pig, which is well 
known for its sensitivity to histamine. In addition, evidence is presented 
for the presence of a small amount of unaltered Benadry] in urine. 


EXPERIMENTAL 


Distribution of Benadryl in Rat—Benadryl hydrochloride in aqueous 
solution was administered subcutaneously to a series of rats which had 
not been fed for 18 hours, with a dosage of 2 mg. per 100 gm. of weight. 
Groups of three rats were sacrificed at intervals of 1, 2, 4, and 6 hours 
after administration of the drug. The tissues were removed immediately 
after death and frozen at —20°. Analyses were usually completed within 
afew days. Tissues were homogenized and extracted with heptane, and 
the Benadryl was transferred by extraction to acid and finally to ethylene 
dichloride for colorimetric analysis (5). All results were corrected for 
normal tissue blanks. The three analyses for each time interval were 
averaged, with the results presented in Fig. 1. By far the highest con- 
centration of Benadryl was found in lung tissue. Spleen was next highest, 
followed by kidney, brain, liver, and muscle. Peak concentrations were 
observed in 1 to 2 hours after administration of the drug. 

Other routes of administration were studied, with the results shown in 
Table I. In this series of experiments, the rats were given 0.5 mg. of 
Benadryl hydrochloride per 100 gm. of weight by the routes indicated in 
Table I, and the animals were sacrificed 30 minutes after administration 

*Benadryl hydrochloride, registered trade name for diphenhydramine hydro- 
chloride. 


t Reported in part at a meeting of the Federation of American Societies for Ex- 
perimental Biology, March, 1948. 
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BENADRYL. CONCENTRATION-AMGM. PER GM. TISSUE 


Fig. 1. Distribution of Benadryl in rat tissues. 2 mg. of Benadryl hydrochloride Pe 
per 100 gm. of weight were administered subcutaneously. Each point represents ‘hice 
the average results from three animals. Concentrations are expressed as micro- of B 
grams of Benadryl base per gm. of tissue, corrected for normal tissue blanks. 

TABLE I 
Benadryl Concentration in Rat Tissues 1 

0.5 mg. of Benadryl hydrochloride per 100 gm. of body weight was administered in ac 
in aqueous solution by the routes indicated. The animals were sacrificed after 30 later 
minutes, and the tissues analyzed for Benadryl. The figures express Benadryl tons 


concentrations as micrograms of free base per gm. of tissue. 


Route of administration 


. 
Tissue | See ee ee 8 Ce Ee 

a | ‘Oral | Entzaperitonsal | Sebcutancous Be Intravenous | Lung 
NE WER: TOUS, 8 b= eae igh gay 13.7 a 
RG oss6 creek as Bok | 1.9 a a + «Bs rr 
BS er acit aces aun tarnieh Ms 0.1 2.0 | 2.2 8.7 ie 
BIN ots ratte sas aie sbidinunecetel 1.5 1.5 0.3 0.9 fens 
RN Ais tha ads wok eed cues 0.1 0.5 0.5 2.3 a 
gt cE CE A RA ne 0.6 1.3 1.5 3.5 et 
ee oe ee 0.1 0.1 0.1 0.3 ma 
ie. corde. OF avee | 0.8 0.3 0.38 | ae 

; , , D 
of the drug. The analyses again showed high concentrations of Benadryl ain 
in the lungs and spleen when Benadryl was administered parenterally. weg 


Oral administration resulted in elevated levels in the liver and spleen. 
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Fie. 2. Distribution of Benadryl in guinea pig tissues. 2 mg. of Benadryl] hydro- 
chloride per 100 gm. of weight were given subcutaneously. Each point represents 
the average results from three animals. Concentrations are expressed as micrograms 
of Benadryl per gm. of tissue, corrected for normal tissue blanks. 
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TaBLe II 
Benadryl Concentration in Guinea Pig Tissues 


1 mg. of Benadryl hydrochloride per 100 gm. of body weight was administered 
ered in aqueous solution by the routes indicated. The animals were sacrificed 1 hour 
er 30 later, and tissues analyzed for Benadryl. The figures express Benadryl concentra- 
adryl tions as micrograms of free base per gm. of tissue. 


Route of administration 
Tissue 


Subcutaneous 
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Lung 

Spleen 

Brain. . 
Liver... . 
Muscle... . 
Heart... . 
Plasma... . . 
3 Erythrocytes 
Skin... 
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oan Distribution of Benadryl in Guinea Pig—The distribution of Benadryl 
rally. was also investigated in the guinea pig. A series of animals (average 
a weight 370 gm.) was injected subcutaneously with 2.0 mg. of Benadryl 
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hydrochloride per 100 gm. of weight. The animals were sacrificed jy | total 
groups of three at 1, 2, 4, and 6 hours after administration of the drug, | wher 
Tissues were analyzed for Benadryl, as described earlier (5), with the re. | work 
sults presented in Fig. 2. urine 

It will be seen from this experiment that the order of tissue concentra. Th 
tions of Benadryl] is similar to that observed in the rat. Although the | «tra 
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same dosage of Benadryl] per unit weight of animal was administered t) | spect 
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Fic. 3. Counter-current analysis of human urine for Benadryl. Urine extracts 28 n 
were run through the twenty-four plate Craig apparatus, with equal volumes of hep- | of B 
tane and 0.135 m phosphate buffer at pH 6.13 for the counter-current extraction. — than 
The total organic base in each plate was determined by the methyl! orange reaction ward 
A pure sample of Benadryl hydrochloride was analyzed in the same manner. 
the rat (Fig. 1) and guinea pig (Fig. 2), the latter showed from 2 to 3 times | Th 
the concentration of Benadryl found in rat tissues. ie 
The differences between the oral and subcutaneous routes of adminis Ther 
tration in the guinea pig were also compared. A series of guinea pigs was ‘ion 
given 1.0 mg. of Benadryl hydrochloride per 100 gm. of weight by stomach ‘lie 
tube or by subcutaneous injection, and the animals were sacrificed | hour 1) | 
later. Tissues were analyzed for Benadryl concentration, with the re ee 
sults shown in Table II. Here again, as in the rat, the concentration 0! 
Benadryl] in lungs and spleen remains high, regardless of the route of ad- s 
ministration. j Sail 


, ‘ i : '§ 
Urinary Excretion of Benadryl—Numerous studies have been made 0 Lies 


the urinary excretion of Benadryl, indicating that 5 to 15 per cent of the 
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otal dose is excreted (2, 3, 6) in 24 hours. Evidence is presented else- 
here (7) that non-basic degradation products are also present. The 
york described here demonstrates the presence of unaltered Benadryl in 
yrine.! 

The identity of Benadryl in urine was established by counter-current 
traction with the Craig technique (8), and by the ultraviolet absorption 
gectrum of the purified material. 750 ml. of urine were obtained from 
jomal human subjects given 50 mg. of Benadryl hydrochloride orally a 
w hours prior to urine collection. The urine was made alkaline by the 
addition of NaOH and extracted with an equal volume of heptane (5). 
The heptane was shaken with 50 ml. of 0.1 N HCl, which was then sep- 
arated, made alkaline, and reextracted with 9 ml. of heptane. 8 ml. of 
ihis extract were fractionated in a 24 plate Craig counter-current appara- 
tus, with equal volumes of heptane and 0.135 m phosphate buffer at pH 
§13. After the counter-current extraction, 1.5 ml. of N/3 HCl were added 
0 each plate and the mixture shaken, the Benadryl being transferred 
ompletely to the aqueous phase. Aliquots of the aqueous phase were 
wade alkaline and extracted into ethylene dichloride for colorimetric 
amalysis by the methyl orange procedure (5). A counter-current extrac- 
tion was also performed with a known sample of Benadryl hydrochloride 
wder the same conditions. The results are presented in Fig. 3. 

The close correspondence of the peaks in Fig. 3 is strong presumptive 
evidence that they are due to the same substance (8). When examined 
or ultraviolet absorption with a Beckman spectrophotometer, the samples 
in the middle of the series (Plates 9 through 14) had a peak absorption at 
258 mu, with a minor peak at 253 my, identical with that of a known sample 
of Benadryl.2 The presence of other organic bases more water-soluble 


than Benadryl is demonstrated by the methyl orange color reaction to- 
wards the end of the series. 


DISCUSSION 


The high concentration of Benadryl in lung and spleen is of great in- 
terest because of the rdle played by these organs in anaphylactic shock. 
There is not sufficient evidence to say that Benadryl accumulates at 
‘Teceptor sites’ in competition with histamine, although that possibility 
thould not be overlooked. However, analysis of guinea pig skin (Table 
ll) gave low concentrations of Benadryl, even though the drug is known to 
iflect cutaneous reactions attributable to histamine (9). Also, brain 


‘Since this work was completed, a paper by Hald (6) described the formation of 


| ‘silicotungstic acid derivative of Benadryl from urinary sources. 


"Spectroscopic examinations were made by Dr. J. M. Vandenbelt of the Research 
laboratories, Parke, Davis and Company. 








408 DIPHENHYDRAMINE. II 


tissue, which normally has very little histamine present (10), showed fairly 
high concentrations of Benadryl on analysis (Figs. 1 and 2). The ap. 
cumulation of Benadryl in various tissues apparently produces no patho. 
logical changes or blood dyscrasias (9), and toxic effects are promptly 
relieved by discontinuance of the drug, regardless of severity (11). 

The concentration of Benadryl in the tissues of the rat and guinea pig 
showed significant differences (Figs. 1 and 2). In the rat, the level of 
Benadryl was one-half to one-third that shown by the guinea pig. This 
is perhaps better accounted for by the greater enzymatic activity of rat 
kidney and lung tissue than by differences in the rate of absorption or 
excretion of the drug (12). 


We are especially indebted to Dr. A. C. Bratton, Dr. D. A. McGinty, 
and Dr. Graham Chen for their help and advice during the course of this 
work. 


SUMMARY 


Comparative data are presented on the levels of Benadryl in rat and 
guinea pig tissues at different time intervals following administration of 
the drug. After subcutaneous injection, the highest concentrations were 
found in the lungs, with progressively lower concentrations in the spleen, 
kidney, brain, liver, and muscle tissue. Peak concentrations were found 
in about 1 hour, with a fairly rapid drop towards normal levels in 6 hours. 

The presence of a small amount of unaltered Benadryl was demon- 
strated in human urine by means of counter-current solvent extraction 
and ultraviolet absorption characteristics. 
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BIOCHEMICAL STUDIES ON DIPHENHYDRAMINE 
(BENADRYL*) 


III. APPLICATION OF RADIOACTIVE CARBON TO METABOLIC 
STUDIES OF BENADRYL 


By ANTHONY J. GLAZKO, D. A. McGINTY, WESLEY A. DILL, M. L. WILSON, © 
anp C.S. WARD 


(From the Research Laboratories, Parke, Davis and Company, Detroit) 
(Received for publication, January 14, 1949) 


Biochemical studies on the urinary excretion of Benadryl have generally 
accounted for 5 to 15 per cent of the administered dose in 24 hours (1-3). 
Evidence has been obtained for the enzymatic degradation of Benadryl 
in vitro, the products no longer producing color in the analytical procedure 
for Benadryl (4, 5). The present work with a radioactive tracer demon- 
strates that metabolic products of Benadryl are formed in the body and 
excreted in the urine, thereby accounting for a greater percentage of the 
total dose than that found by chemical analysis. 


Procedure 


The experiments with radioactive Benadryl were performed with ma- 
terial synthesized by Dr. Robert Fleming and Dr. George Rieveschl (6). 
C* was incorporated into the molecule in the a position of the benzhydryl 
group, as shown in the accompanying formula. The specific activity of 
this preparation was 224 uc. per gm., as estimated by the technique de- 
scribed below. 


<N le 


CH—O—CH,—CH,.—N - HCl 


akg Nem, 


The asterisk indicates the position of C“ in the Benadryl molecule. 


Urine and tissue extracts containing Benadryl or its degradation prod- 
ucts were measured into porcelain micro combustion boats and evaporated 
to dryness. In all cases sufficient sample was taken to yield on com- 
bustion approximately 100 mg. of barium carbonate. Whenever this was 
impractical because of limited sample or low carbon content, sufficient 
benzoic acid was added to the sample to yield 100 mg. of BaCO;. The 
samples were then placed in a micro combustion apparatus and burned 


- Benadryl hydrochloride, registered trade name for diphenhydramine hydro- 
chloride, 
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in a stream of oxygen. The CO, was collected in 50 ml. centrifuge tubes 
containing CO,-free 1 n NaOH, heated and precipitated as BaCO, by the 
addition of saturated Ba(OH), solution. The BaCO; suspension was 
washed twice by centrifugation with CO,-free water and then filtered by 
suction into a tared No. 1 Whatman filter paper (4.25 cm. in diameter) 
which was clamped with thin rubber gaskets between a Jena filter disk 
below and a cylindrical funnel of 1.9 cm., inside diameter, above. The 
walls of the funnel and the precipitate were washed first with water and 
then with 95 per cent alcohol in such a manner as to obtain fairly even 
distribution of the precipitate on the paper. After removal of the funnel, 
the filter paper and BaCO; disk were dried in vacuo, weighed, and then 
treated with a drop or two of 2 per cent ethyl acetate solution of isobutyl 
methacrylate polymer in order to reduce ‘“‘dusting” of the BaCOs disk. 
The filter paper and BaCO; disk were then cemented to a 2 X 2 inch Dural 
slide, mounted uniformly under the Geiger-Miiller tube, and radioactivity 
measured. 

Radioactivity counts were made with a Victoreen Geiger-Miiller tube 
with a 2.7 mg. per sq. em. mica window and a Tracerlab autoscaler. All 
radioactivities were corrected for resolving time, background, self-absorp- 
tion, window and air absorption, and geometry and obliquity, according 
to methods described (7-9). The results are expressed as Benadry] hydro- 
chloride equivalents, regardless of the chemical nature of the fraction 
measured. 

The experiments on paper chromatography were performed by the 
methods described by Consden, Gordon, and Martin (10). A measured 
volume of urine (0.1 to 0.01 ml.) containing radioactive derivatives of 
Benadryl is evaporated in a narrow band 5 ecm. from one end of a 1.5 X 
60 cm. strip of filter paper. This is done by placing a piece of Nichrome 
resistance wire a few mm. below the area where concentration of the solutes 
is desired, and passing sufficient current through the wire to keep it hot. 
As the sample evaporates, water is fed in to either side of the heated area 
from water-saturated wicks of cloth. The rapid evaporation directly 
above the hot wire washes the solutes to that area, resulting in a very 
narrow band of solutes across the width of the strip. The paper is then 
dried in an oven at 100° and chromatographed as described elsewhere 
(10). After 16 hours, the solvent boundaries are marked and the paper 
strips are dried in an oven. The strips are then placed in close contact 
with Eastman No-screen x-ray film in a photographic printing frame and 
allowed to stand for 24 to 72 hours, after which time the film is developed. 
Dark bands appear on the film corresponding to areas of high radioae- 
tivity on the strips, and Ry values are calculated from the ratio of the 
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distance traveled by the radioactive compounds to the distance traveled 
by the solvent from the top of the strip (10). 


EXPERIMENTAL 


Comparison of Chemical and Radioactivity Techniques for Assay of Ben- 
adryl in Tissues—Each of two guinea pigs was injected subcutaneously 
with 10 mg. of Benadryl hydrochloride per kilo of body weight. The 
animals were sacrificed 75 minutes after injection. The tissues were re- 
moved, frozen rapidly, and stored until analyzed. Corresponding tissues 
fom the two animals were pooled, homogenized, make alkaline with 


TABLE I 


Comparison of Benadryl Concentration in Guinea Pig Tissues by Chemical and 
Radioactivity Methods 


Petroleum ether extracts of the tissue homogenates were analyzed for Benadryl 
by chemical and radioactivity assay methods. 


Concentration of Benadryl hydrochloride 








Tissue 3 Se SS ee ow. fae: as 

Chemical method Radioactivity measurements 
y per gm. lissue y per gm. tissue 

Lung. . ; 62.2 | 67.4 

Spleen. . . ae Seer 17.8 | 17.9 

liver...... bt RMA 9.6 7.8 

Brain. . 5.1 5.7 

Heart. . 2.4 4.3 

Uterus. . 3.8 | 3.6 

Blood. . . 0.7 | 2.3 

Skin. 1.9 | 1.7 

Muscle 1.3 1.6 

Bile... . | 0.0 0.0 


NaOH, and extracted with petroleum ether as described in the first paper 
if this series (5). The petroleum ether layer was separated and extracted 
witha small volume of dilute HCl. One aliquot of this material was made 
ilkaline and reextracted with ethylene dichloride for colorimetric analysis 
5). A second aliquot was made alkaline and extracted with petroleum 
ether. This extract was prepared as a BaCO; disk for radioactivity 
measurement, as already described. Table I contains comparative data 
obtained by the two procedures, expressed as micrograms of Benadryl 
base per gm. of tissue. 

It is evident from Table I that there is good correlation between the 
results obtained by the two methods. The order of concentration of the 
drug in the various tissues corresponds with the chemical assay values 
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obtained in previously reported experiments (11). The results obtained 
indicate, furthermore, that the material extracted by petroleum ether 
from an alkaline solution consists of organic bases derived almost entirely 
from administered radioactive Benadryl. This fraction represents at least 
in part unchanged Benadryl itself, as was demonstrated by the Craig 
counter-current partition experiments (11). 

Estimates of the total concentration of Benadryl in the body from the 
above data (75 minutes after injection) show that approximately one- 
third of the administered dose is accounted for in the major body tissues, 
The other two-thirds are probably in the form of degradation products 
which are not extracted under the conditions used for the separation of 
Benadryl. 


TABLE II 
Excretion of Benadryl and Radioactive Non-Benadryl Fractions Following Injection 
of Radioactive Benadryl Hydrochloride into Rats 
Benadryl assay figures were obtained on petroleum ether extracts of the urine 
samples. The radioactivity of the residue following extraction was also measured. 





sees et Non-Benadryl |. Total Benadryl 
; | residue | + non-Benadryl Total radioac- Non-Benadryl 
Rat Se . | y Benadryl HCl y Benadryl HCl | tivity of urine | fraction (per cent 
No. | Radio- equivalents per equivalents per | (percent adminis-| total radioactiv- 
Chemical | activity | 24 hrs. 24 hrs. tered dose) | ity of urine) 
assay | measure- | (radioactivity) | (radioactivity) | 
ment | | 
LT ee ee pee = Fe 
Y 2 | 
1 | 2 303 | 1619 1922 38.5 84.2 
; 227 180 | 1118 1298 26.0 86.1 


3 | 26 | 273 | 1430 1703 34.1 84.0 


Evidence for Presence of Benadryl Degradation Products in Urine—Each 
of three rats was injected subcutaneously with a solution containing 5 
mg. of radioactive Benadryl hydrochloride. The rats were placed in 
metabolism cages and their urines collected for 24 hours. An aliquot of 
each urine collection was made alkaline with NaOH and extracted with a 
known volume of petroleum ether, an established procedure for extraction 
of Benadryl (5). Both the petroleum ether extract and the non-extracted 
residue were measured separately for radioactivity after combustion and 
preparation of BaCO; disks. The results of this experiment are shown 
in Table II. 

Attention is again called to the fair agreement between the chemical 
and radioactivity assays for Benadryl. The most significant observa- 
tion, however, is that, after extraction of organic bases from alkaline 
urine by petroleum ether, approximately 85 per cent of the total radio 
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getivity remains in the aqueous phase in all three cases. This indicates 


that most of the Benadryl is excreted in a form which is not extracted by 
petroleum ether from alkaline solution. However, the total recovery of 
radioactive products represented only 26 to 38.5 per cent of administered 
radioactivity. The low excretion of Benadryl itself (4 to 6 per cent of 
administered Benadryl) is in agreement with previously published re- 
sults (1-3). 

The urinary excretion of Benadryl and its degradation products was 
also studied in the rat by parallel chemical and radioactivity assays on 
urine samples collected at different time intervals after administration of 


Taste III 

Ercretion of Benadryl and Degradation Products in Rats at Different Time Intervals 

Following Single Subcutaneous Dose of Radioactive Benadryl Hydrochloride (2.0 

Wg. per 100 Gm. of Body Weight 

Chemical assay values for Benadryl and radioactivity measurements for whole 
urine are expressed as per cent of administered dose for each collection period. ta 
dioactivity measurements on whole urine represent excreted Benadryl plus metabolic 
products of Benadryl. 


Urine collection period 
' 


0-7 hrs 7-23 hrs. 23-52 hr 52-71 hrs 
Rat No Weight oe 
Radio Radio Cheat Radio Chemi Radio 
Chemical activity Chemical activity 2 activity : activity 
assay measure assay measure “ measure = measure 
? assay assay 
ment ment ment : ment 
gm 
| 160 2.5 10.2 0.5 25.7 0 5.9 (0) 1.0 
2 170 Ld 6.6 1.2 25.9 0 1.2 0) 1.2 
3 270 Dd Pal 1.5 19.7 0 6.4 0 2.0 
Mean 3.2 9.6 Po 23.8 0 3.8 0 1.4 


radioactive Benadryl hydrochloride. Three rats were injected subeu- 
taneously with 2.0 mg. of radioactive Benadryl hydrochloride (aqueous 
solution) per 100 gm. of body weight. Urine was collected at 7, 23, 52, 
and 71 hours after injection, the metabolism cages and funnels being 
washed with distilled water to colleet as much of the urine as possible. 
Alter measuring the volumes, part of each sample was assayed for total 
radioactivity by the barium carbonate technique. The rest was made 
alkaline and extracted with heptane, which was washed with pH 8.0 
borate buffer, reextraeted into HCl, and finally into ethylene dichloride 
lor Benadryl assay by the methyl orange procedure (5). 

The results presented in Table III are calculated as per cent of original 
dose recovered in the urine. From these results, it can be seen that 33.4 











$14 DIPHENHYDRAMINE. III 


per cent of the total administered radioactivity is recovered in 23 hours 
In 71 hours, only 38.6 per cent of the administered dose 1s accounted fi 
About 11 per cent of the radioactive products excreted in this period 
responds to the methyl orange test for Benadryl. The average rate 
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Fig. 1. Urinary excretion rate of free Benadryl and of radioactive metabolic pro 
ucts in the rat. Average excretion rate from three rats given 2 mg. of radioactiv’ 
Benadryl hydrochloride subcutaneously per 100 gm. of body weight. 
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Fig. 2. Radioautographs from chromatographed urine of rats given radioact 
Benadryl hydrochloride. The direction of the solvent travel is from left to right 





with the right-hand mark indicating the limit of solvent travel. A, original unin 
chromatographed with n-butanol with 3 per cent NH,OH added; B, residuc 
extraction of alkaline urine with ethylene dichloride; C, urine after acid hydrolysis 


excretion in micrograms of Benadryl hydrochloride equivalents per ho 
per 100 gm. of body weight is plotted in Fig. 1. The maximum rat 
excretion of organic base (Benadryl) occurs in the first 7 hours, whereas 
the non-basic degradation products which are not detected by the meth 
orange reaction are excreted over a much longer period of time, and repr" 
sent the bulk of the excreted drug. 
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Paper Partition Chromatography of Urine—Urine was collected from 
rats injected subcutaneously with radioactive Benadryl, and chromato- 
graphed on paper strips which were then radioautographed as already 
described. The results show that at least six different radioactive com- 
pounds are present in rat urine, all obviously containing C™ which was 
originally present in the Benadryl molecule. Normal rat urine chromato- 
graphed in the same manner showed no trace of the darkening on the 
photographic film, ruling out the possibility of chemical fogging of the 
emulsion. 

The results of chromatography with n-butanol with 3 per cent ammonia 
added are shown in Fig. 2. 

The original urine showed bands with calculated Ry values of 0.07, 
0.12, 0.23, 0.37, 0.53, and 0.93 (Fig. 2, A). Unchanged Benadryl was 
shown to occur at Rp = 0.93, because radioactive Benadryl added to the 
urine produced a more intense band at this location. This observation is 
also supported by the identification of Benadryl in human urine, which 
was made earlier by use of the counter-current extraction procedure (11). 
In addition, extraction of the alkaline rat urine with ethylene dichloride 
resulted in complete removal of this band only (Fig. 2, B), leaving behind 
the other compounds which do not behave as organic bases. After acid 
hydrolysis of the urine in 1 N HCl for 1 hour at 100°, a single strong band 
appears at Rp = 0.32, with the elimination of all other bands (Fig. 2, C), 
except for a small amount of radioactive material remaining at the start- 
ing point. The Rp values appear to be influenced by the salt concentra- 
tion of the urine, and vary to some extent in these experiments. 


DISCUSSION 


The determination of Benadryl in urine and tissues by chemical and 
radioactivity techniques shows fairly good agreement, indicating that the 
organic bases are in fact derived from Benadryl. That these bases repre- 
sent unaltered Benadryl itself is borne out by the chromatography experi- 
ments described here, and by the Craig counter-current extraction experi- 
ments described earlier (11). 

In addition to Benadryl, the chromatographic work shows that a number 
of other radioactive products are present in urine which do not behave as 
organic bases in their extraction properties. These are probably related 
in structure, since acid hydrolysis produces a derivative which chromato- 
graphs as a single band. The experiments on urinary excretion also show 
that the metabolic products of Benadryl are excreted in far greater con- 


centration than unaltered Benadryl, and appear in the urine over a longer 
period of time. 
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SUMMARY 


1. Benadryl analyses of tissues by chemical and radioactivity pro- 
cedures show good agreement. 

2. The urinary excretion of non-basic metabolic products of Benadry! 
is demonstrated by radioactivity assay, accounting for a larger percentage 
of the administered dose than heretofore possible 

3. The presence of Benadryl and a number of degradation products in 
rat urine is demonstrated by the preparation of radioautographs from 
paper strip chromatograms. 
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BIOCHEMICAL STUDIES ON DIPHENHYDRAMINE 
(BENADRYL*) 


IV. DEGRADATION OF BENADRYL BY TISSUE ENZYMESt 
By ANTHONY J. GLAZKO ann WESLEY A. DILL 


(From the Research Laboratories, Parke, Davis and Company, Detroit) 
(Received for publication, January 14, 1949) 


The excretion of unchanged Benadryl accounts for only a small portion 
of the total administered dose in man (1, 2). Indirect evidence for the 
presence of degradation products in tissues and urine was obtained with 
Benadryl labeled with radioactive carbon (3). The experiments reported 
here show that degradation is produced by tissue enzymes, resulting in a 


loss of the basic properties of Benadryl as measured by the methyl orange 
technique (4). 


EXPERIMENTAL 


Comparative Activity of Various Tissues—Tissue samples were removed 
from the rat, guinea pig, and rabbit immediately after death. 1 gm. 
portions were weighed and minced thoroughly with a razor blade. The 
minced tissues were suspended in 5 ml. of Tyrode’s solution at pH 7.4, 
containing 1:10,000 phenylmercuric lactate to inhibit bacterial growth. 
To this were added 50 y of Benadryl hydrochloride in 1 ml. of saline. 
The mixtures were placed in an incubator room at 38° and shaken me- 
chanically for 16 hours. The samples were then homogenized, extracted, 
and analyzed by the methyl orange procedure described in an earlier 
paper (4). The results, corrected for normal tissues blanks, are presented 
in Table I. 

Of all the tissues tested, the liver showed greatest activity. Rat lung 
showed more activity than the corresponding tissue in the rabbit or guinea 
pig, and some activity was also evident in rat kidney. Heating the tissues 
to 60° for 10 minutes destroyed all activity. Benadryl incubated with the 
intestinal contents of a rat showed little or no loss of basic properties, 
indicating that the intestinal flora have no importance in this type of 
degradation of Benadryl. 


Rate of Degradation—The rate of degradation of Benadryl was rapid 





*Benadryl hydrochloride, registered trade name for diphenhydramine hydro- 
chloride. 


t Reported in part at a meeting of the Federation of American Societies for Ex- 
perimental Biology, March, 1948. 
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gm. of fresh rat liver were minced and suspended in 50 ml. of Tyrode's 
solution, and 1.2 mg. of Benadryl hydrochloride were added as an aqueous 
solution. The mixture was agitated mechanically in a 38° water bath, 
and 3 ml. samples were withdrawn periodically for analysis. The samples 


enough to be detected in a few minutes under optimum conditions, 9 


TABLE I 
Degradation of Benadryl by Various Tissues 
50 y of Benadryl hydrochloride were incubated with 1 gm. of minced tissue jp 
Tyrode’s solution for 16 hours, and then analyzed for Benadryl. The amount of 
degradation is expressed as per cent of Benadryl originally added. 


Tissue Rat Guinea pig Rabbit 
RRR yn oh dai hos «ics 97 96 99 
RE ia ot Astle cre fle hewn ee 70 9 14 
REIN PAO Ss avaoie ees 25 8 27 
ere ee ; 6 § 4 
Ne eee hE ie ces 6 5 5 
Ee errr ere eee 4 2 ] 
WOME So Wid x Siswiac dia divs Aieat Jee 3 4 13 
TABLE II 


Rate of Degradation of Benadryl 


Benadryl hydrochloride was incubated with minced rat liver at 38° and samples 
were withdrawn at stated intervals for analysis by the methyl orange procedure. 


| 


Time (?) | Unchanged Benadryl (c) K me (100 iu = =) 

| 

min. per cent original 

0 | 100 

15 | 48.2 | 0.0021 

30 44.7 | 0.0022 

45 39.5 | 0.0026 

60 37.1 0.0024 

90 | 32.1 0.0023 
| 24.2 | 0.0028 


120 





were heated to boiling immediately after withdrawal to stop enzymatit 
action. Samples were homogenized and analyzed for Benadryl by the 
methyl orange procedure (4). The results presented in Table II indicate 
that the rate of degradation of Benadryl by rat liver enzymes is prop 
tional to the concentration of unchanged Benadryl, and resembles a fs 
order reaction over the period covered by this experiment. 

Effect of pH on Benadryl Degradation—0.9 gm. portions of rat liver wer 
weighed and minced thoroughly with a razor blade. The minced tisstt 
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was transferred immediately to flasks containing 3 ml. of Tyrode’s solu- 
tion, 3 ml. of borate, phosphate, or acetate buffer, 0.5 ml. (50 y) of Ben- 
adryl hydrochloride standard, and 0.5 ml. of a 1:1000 phenylmercuric 
lactate solution. The buffers were adjusted previously to different pH 
values by the addition of acid or base. After addition of the minced 
tissue, the flasks were incubated in a 38° water bath for 2 hours, a shaking 
device being used to keep the mixtures agitated. At the end of the in- 
cubation period, the pH of each mixture was measured with a Beckman 
pH meter and a high alkali glass electrode. The solutions were then 


TaB_e III 
Effect of pH on Benadryl Degradation 
Solutions of Benadryl in various buffers were incubated with minced rat liver 
at 38° for 2 hours. Acetate and phosphate buffers were used with the liver of one 
rat; asecond rat was used for the borate experiment. Final pH readings were taken 
at the end of the incubation period. The results are calculated from the decrease 
in benadryl concentration as determined by the methyl orange procedure. 


Buffer Final pH Benadryl degradation 
per cent 
).1 M acetate 3.9 0 
na * 4.4 0 
a ne : 5-3 ll 
).067 m phosphate 6.1 29 
0.067 ‘ oi 6.8 54 
0.067 ‘ = 7.4 66 
0.1m borate 6.9 69 
TS PE sc Sin atl wale eee Oke tee 88 
Ree  F eee 8.3 51 
MR 8255 75.520°% DZS Ee ae ee 8.8 38 
a Mr rr 8.9 24 


heated in a boiling water bath for a few minutes to destroy enzyme ac- 
tivity. Control tests showed that Benadryl was not destroyed by heating 
under these conditions. The contents of each flask were then homogenized, 
made alkaline, extracted with heptane, and analyzed for Benadryl by the 
double extraction technique (4). The results are presented in Table 
II. 

The optimum pH for the enzymatic degradation of Benadryl appears 
to be in the physiologic range. Inasmuch as different liver preparations 


_4nd different buffers were used in these experiments, no attempt was made 


to define the optimum pH with greater accuracy. 
Effect of Enzyme Inhibitors—3 gm. portions of minced rat livers were 
suspended in 5 ml. of Tyrode’s solution, and 1 ml. of various enzyme in- 





EES ee 
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hibitors was added. When necessary, the pH was readjusted to 74 
Gases were introduced by bubbling through the mixture for several minutes 9¢0 
and the flasks were tightly stoppered. After addition of the inhibitor,;  8su 
ml. of a solution of Benadryl hydrochloride (50 y) was added to each Th 
flask. The mixtures were incubated at 38° for 2 hours with mechanica| tive 
agitation. After homogenizing and extracting with heptane, Benadry) "Pt 
was determined by the methyl orange procedure (4). The results gr — hydt 
presented in Table IV. follo 
Very marked inhibition was produced by reducing agents such as cys. H 
teine, hydroxyamine, and hydrogen sulfide. Iodoacetate and azide showed (4) 
strong inhibition, but cyanide and carbon monoxide had little effect. The “est 
indic 
TABLE IV dete! 

Effect of Inhibitors on Degradation of Benadryl 
Benadryl hydrochloride was incubated with minced rat liver in Tyrode’s solution 


with various inhibitors added. At the end of the incubation period, samples wer Tl 
heated to stop enzyme action and analyzed for Benadryl by the methyl orange 


enzy 
procedure. the | 
Inhibitor Unchanged Benadryl kidn 
per cent original opt 
Cysteine (0.050 m).. 90 ton, 
Hydrogen sulfide......... 73 
Hydroxylamine (0.050 m)............... eke 59 
Iodoacetic acid (0.001 om)... ' 60 1. Hi 
Sodium azide (0.002 m)....... ab ; 50 2.W 
Carbon monoxide............. seth , 1-20 3. Gl 
Hydrogen peroxide (0.050 m)..... ‘or re fj | 
Sodium cyanide (0.002 m).............. 4-8 4, Di 
“ 6 Merida (OSE ME). «keen. 0 5. Gl 


greatest degree of inhibition, however, was obtained in a nitrogen atmos 
phere. Displacement of the air by nitrogen resulted in complete cessation 
of activity, as measured by quantitative recovery of Benadryl. Incor 
poration of hydrogen acceptors such as methylene blue had no effect o 
this inhibition. Similar results were obtained with other inert gases 
Molecular oxygen therefore appears to be essential for the enzymati 
degradation of Benadryl. 


DISCUSSION 


Liver appears to be the principal site of Benadryl degradation, although 
rat lung and kidney are also active. No attempt was made to establish 
the precise activity of each tissue, but certain species differences are l- 
dicated in Table I. The lower activity of guinea pig lung and spleen may 
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account for the higher concentrations of Benadryl found in guinea pig 
tissue (5). 

The disappearance of the methy] orange color reaction is strongly indica- 
tive of the loss of basic properties. Such a condition might occur through 
rupture of the ether linkage, yielding dimethylaminoethanol and benzo- 
hydrol. Neither of these compounds gives any color with methyl orange, 
following double extraction into ethylene dichloride via heptane and 0.1 
x HCl, although Benadry! is extracted quantitatively by this procedure 
(4). Way et al. (2) have presented evidence for the presence of some 
degradation products which react with methyl orange, but our results 
indicate that the major degradation products do not interfere with the 
determination of Benadryl by the double extraction procedure. 


SUMMARY 


The basic properties of Benadryl are lost through the action of a tissue 
enzyme system which is partly characterized. The liver appears to be 
the best source of this enzyme, with some activity observed in lung and 
kidney tissue. The reaction appears to be monomolecular, with the 
optimum pH in the physiologic range. Oxygen is required for the reac- 
tion, and various reducing agents are shown to act as inhibitors. 
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COMPETITIVE ANTAGONISTS OF THYROXINE AND 
STRUCTURALLY RELATED COMPOUNDS* 


By EARL FRIEDENfT anno RICHARD J. WINZLER 


(From the Department of Biochemistry and Nutrition, University of Southern 
California School of Medicine, Los Angeles) 


(Received for publication, October 6, 1948) 


Woolley (1) has prepared a number of ethers of N-acetyl-3 ,5-diiodo- 
tyrosine and found them to interfere with various effects of thyroxine on 
amphibian larvae. Some of Woolley’s observations were confirmed and 
extended by Winzler and Frieden (2) and by Williams et al. (3). 

It is the purpose of this report to investigate the competitive nature of 
several thyroxine inhibitors and to determine the structural requirements 
forand the specificity of the inhibition of thyroxine and its active analogues, 


Materials 


0-Benzyl-8 ,5-diiodo-pu-tyrosine (I)—10 gm. of O-benzyl-N-acety]-3 , 5- 
diiodo-L-tyrosine, m.p. 87-90°,! prepared as described by Woolley (1), 
were refluxed overnight in 1 liter of 1 N NaOH. The solid which precipi- 
tated at pH 5 was extracted with hot 0.2 n HCl, which when cooled yielded 
the crystalline hydrochloride of I. Free I, m.p. 203-205° with decom- 
position, was obtained in 30 per cent yield by dissolving its hydrochlo- 
ride in dilute alkali and adjusting the pH to 5. The product gave a posi- 
tive ninhydrin, but a negative Kendall, test for orthodiiodophenols. The 
above recrystallization process was repeated on a sample used for ele- 
mentary analysis. 


CisHi;0;NIz. Calculated, C 36.7, H 2.9; found, C 36.9, H 3.0 


4-Benzyloxy-3 ,5-ditodobenzoic Acid (II)—3,5-Diiodo-4-hydroxybenzoic 
acid, m.p. 275-277°, was prepared in 50 per cent of the theoretical yield 
irom 4-hydroxybenzoic acid (Eastman Kodak, m.p. 214.5-215.5°) (4). 
\0 gm. of the iodinated phenol were dissolved in 60 ml. of 1 N NaOH, 
teated on a boiling water bath, and treated dropwise with 11.9 gm. of 


* We wish to express our appreciation to Eli Lilly and Company and to the Com- 
mittee on Research in Endocrinology of the National Research Council for their 
support of this work, as well as to the Hancock Foundation for the facilities that 
vere made available. Contribution No. 190 from the Department of Biochemistry 
and Nutrition, University of Southern California. 

| Some of the data were taken from a thesis presented by Earl Frieden to the Grad- 

uate School of the University of Southern California in partial fulfilment for the re- 
_ Guirements for the degree of Doctor of Philosophy. 

All melting points are corrected. 
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hyd 
benzyl chloride. A heavy white precipitate of the sodium salt of II wag talli: 

formed on complete cooling, after the removal of a tarry by-product on 

preliminary cooling. II was generated by acidifying a suspension of the 
isolated salt. Two recrystallizations from a water-methanol mixture re- 3, 
sulted in a 20 per cent yield? of II, m.p. 227—228°, which gave a negative Lide 
Kendall test. | 255- 
CuHiOsl2. Calculated, C 35.0, I 52.9; found, C 35.2, I 52.9 Ss 
3 ,5-Diiodo-4-(p-nitrophenylethoxy)-benzoic Acid—10 gm. of 3,5-diiodo- porte 
4-hydroxybenzoic acid were dissolved in 85 ml. of 0.7 N methanolic NaOH N. 
and treated with 6.1 gm. of p-nitrophenylethyl bromide, m.p. 64°, pre. 3, 5- 
pared as described by Woolley (1). The mixture was refluxed for 2 hours diioc 
and concentrated to dryness under a vacuum, and the residue was thor- as de 
oughly washed with 200 ml. each of warm water and ethyl ether. The tole 
washed residue was suspended in 100 ml. of water, the pH adjusted to | Indi 
2.5 + 0.5 with HCl, and the mixture heated for 2 hours. The resulting were 
washed solid was twice recrystallized from an ethanol-water mixture, giy- Proj 
ing a 20 per cent yield of the ether, m.p. 219-220°, which gave a negs- vide 
tive Kendall test. Jerse 
: ; obta 

CisH1,0sNIz. Calculated, C 33.4, N 2.6; found, C 33.4, N 2.5 

3 ,6-Diiodo-4-(4'-methoxyphenoxy)-aniline (III)—The preparation of III 
from 3 ,5-diiodo-4-(4’-methoxyphenoxy)-nitrobenzene was accomplished by TI 
adapting a procedure of Block and Powell (5) instead of the earlier method on a 
of Harington and Barger (6). 10 gm. of the nitro compound were sus of c 
pended in 200 ml. of a 50 per cent ethanol solution containing 10 ml. 0 thes 
glacial acetic acid. 5 gm. each of 30 mesh iron filings and iron powder roxit 
were added, and the mixture refluxed for 3 hours. The alcohol was re Dup 


moved by distillation, and the residue was cooled and repeatedly extracted inhi 

with a total of 300 ml. of boiling benzene. Concentration of the benzene tadp 

solution to about 150 ml. and the addition of 80 ml. of petroleum ether —Telat 

gave, with scratching, 75 to 80 per cent yield of III, m.p. 121-122°. vary 
3 ,5-Diiodo-4-(4'-hydroxyphenoxy)-aniline (IV)—5 gm. of III were re 

fluxed for 2 hours in 40 ml. of glacial acetic acid and 50 ml. of 42 per cen! 


HBr. After diluting with 1 volume of water and cooling overnight, 3 Co 
brownish impurity was removed by filtration. Further dilution of the III 
filtrate with 1 additional volume of water gave a 60 per cent yield of the = 
n 

2A 60 per cent yield of II has been obtained subsequently by treating the di poles 
potassium salt of 3,5-diiodo-4-hydroxybenzoic acid with 6 equivalents of bensy! sine 
? 


chloride in hot 50 per cent ethanol and hydrolyzing the resulting benzyl ester of I 
with dilute NaOH. 
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hydrobromide of IV. Pure IV, m.p. 221.5-223.5°, was obtained by crys- 
tallization of its neutralized salt from 95 per cent ethanol. 


CiuH»,O.NI2. Calculated, C 31.8, N 3.1; found, C 32.0, N 3.0 


3,5-Diiodo-4-anisic acid was prepared as described by Wheeler and 
Liddle (7), m.p. 257—258°, compared to the reported melting point of 
955-256°. 4-Benzyloxybenzoic acid was synthesized by essentially the 
same procedure described for the corresponding 3 ,5-diiodo derivative. A 
30 per cent yield of crude product melting several degrees below the re- 
ported value of 188-190° was obtained. 

N-Acetyl-pL-thyroxine, 3 ,5-diiodo-4-(4’-hydroxyphenoxy)-benzoic acid, 
3 ,5-diiodo-4-(3’ , 5’-diiodo-4’-hydroxyphenoxy)-benzoic acid, N-acetyl-3 , 5- 
diiodo-L-tyrosine, and the glycine homologue of thyroxine were obtained 
as described in a previous report (8). 2-Thiouracil and 2-mercaptoimida- 
sole were kindly contributed by Eli Lilly and Company, Indianapolis, 
Indiana. 3,5-Difluoro-4-methoxyphenol and 3,5-dichloro-4-anisic acid 
were obtained through the generosity of Dr. J. F. Mead, Atomic Energy 
Project, University of California at Los Angeles. p1i-Thyroxine was pro- 
vided by Dr. K. W. Thompson of Roche-Organon, Inc., Nutley 10, New 
Jersey. All the other compounds tested were the best available grade 
obtainable from the Eastman Kodak Company. 


Methods 


The effect of thyroxine and compounds possessing thyroxine-like activity 
on amphibian metamorphosis afforded a convenient system for the study 
of compounds for thyroxine antagonism. The technique employed in 
these studies was similar to that described in previous work on the thy- 
roxine-like activity of compounds structurally related to thyroxine (8). 
Duplicate dishes containing a solution of the active compound and the 
inhibitor were brought to a final pH of 8.0 + 0.5 prior to introducing the 
tadpoles. In so far as possible, tadpoles of the same history, of the same 
relative nutritional state, and of the same length or pooled groups of length 
varying no more than 2 mm. were employed. 


Results 


Competitive Inhibition of Thyroxine—The results shown in Tables I to 
III summarize several of many experiments and indicate a competitive 
antagonism between thyroxine and a number of related compounds. 

In Table I the action of thyroxine in inducing the metamorphosis of tad- 
poles is observed to be inhibited by O-benzyl-N-acetyl-3 , 5-diiodo-.-tyro- 
sine, a compound reported by W oolley (1) to antagonize the toxicity of 
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thyroxine to tadpoles. The thyroxine effect is reduced by 50 per cent when 
the molar ratio of inhibitor to thyroxine is about 550, regardless of their 
absolute concentrations. 

Table II shows that O-benzyl-3 ,5-diiodo-pL-tyrosine is some 5 times 


more effective a thyroxine antagonist than its N-acetyl derivative, the : 
molar ratio of inhibitor to thyroxine necessary to reduce the thyroxine 
TABLE I 


Competitive Inhibition of Thyroxine by O-Benzyl-N-acetyl-8 , 5-diiodo-.-tyrosine 


Per cent decrease in length after 72 hrs. incubation 


0-Benzyl-N-acetyl-3, 5-diiodo-1- 














tyrosine pi-Thyroxine per ml.* 
0.25 y 0.50 ¥ 0.75 y 1.00 y 1.257 
y per mil. 
0 | 26 47 60 60 60 
62.5 19 45 55 56 55 
125 13 37 45 47 50 (J 
250 11 16 25 35 43 (1 
375 6 13 20 30 35 | 
500 12 19 25 29 , 
750 8 17 17 25 
: eT aise a bee prot 
(I/T) som, weightt .......... 500 400 300 375 400 clea 
(I/T)so% molart ........... 688 550 412 515 550§ 
* No detectable difference in length from untreated controls was observed during 
the reported incubation period at all the indicated concentrations of the inhibitor 
in the absence of thyroxine. 
t Ratio by weight of inhibitor to thyroxine required for reduction of thyroxine “B, 
effect by 50 per cent. 
t Molar ratio of inhibitor to thyroxine required for reduction of thyroxine effect 
by 50 per cent. 7 
§ This value of (J/T) at highest inhibitor concentration is used in subsequent dis- 
cussions because it is least affected by unsaturation of the system with respect to 
inhibitor or thyroxine. 
effect by one-half being about 37. This is in accord with previous obser- 
vations (8, 9) that N acetylation reduced thyroxine-like activity. 
The observation of gradually decreasing ratios with increasing thyroxine 
concentrations shown in Table II is in agreement with calculations made 
from the competitive inhibition equation of Lineweaver and Burk (10 i 
° ° . js ae i ! / 
for the relatively non-saturating ranges of concentrations of inhibitor and 
thyroxine used in the experiments reported in this paper. Further vertl- Se 
cation of the competitive nature of this type of antagonism appears In “i 
Fig. 1, A and B. A direct plot of per cent decrease in length against thy- | 
roxine concentration gives with increasing inhibitor a series of curves with Ag 


a progressively decreasing effect at the same level of thyroxine (Fig. 1, 4). Diet 
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TaB_e II 
Competitive Inhibition of Thyroxine by O-Benzyl-3 ,5-diiodo-pL-tyrosine 








Per cent decrease in length after 63 hrs. incubation 


0-Benzy!-3, 5-diiodo-pL-tyrosine pL-Thyroxine per ml. 


| 0.25 y 0.50 y 1.00 y 2.00 7 
y per ml. 
0 28 46" 51* 60* 
1.25 28 44* 48* 56* 
2.50 24 44* 16* 56* 
5.00 20) 40 44* 50* 
12.5 15 25 42* 44* 
25.0 10 16 28 34 
50.0 7 9 15 28 
125 4 6 13 24 
250 3 3 9 12 
(I/T )som%, weight sgt 50 30 30 25 
C/T eet, MOAT... 0006 6 Sc 74 45 45 37 


| 


See corresponding foot-notes to Table I. 
* Indicates 80 to 100 per cent died several hours prior to observation time. The 


protective action of this inhibitor against higher concentrations of thyroxine is thus 
clearly established. 


TaBLeE III 


Competitive Inhibition of Thyroxine by 4-Benzyloxy-8 ,5-diiodobenzoic Acid 


Per cent decrease in length after 69 hrs. incubation 


4Benzyloxy-3, 5-diiodobenzoic acid pL-Thyroxine per ml. 


0.15 y 0.30 y 0.50 0.90 + 1.80 y 
¥ per ml 

0 19 30 45 48 55 

0.50 17 23 35 40 46 

1.00 8 19 30 32 43 

2.50 4 8 20 25 40 

5.00 2 4 18 20 37 

7.50 2 4 10 12 33 

10.0 “2 ss . 10 25 

(1/T) so, weight 6 5 4 3 5 
(I/T) so, molar ; 9.5 8 6.5 5 8 


See the corresponding foot-notes to Table I. 
“Indicates toxicity of inhibitor dose. 


A graph of 100/E against the reciprocal of the molar concentration of 
bi-thyroxine as shown in Fig. 1, B, where E is the per cent decrease in 





PER CENT DECREASE IN LENGTH 
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length at constant time, yields a family of lines with a common intercept 
and slope increasing with increasing amounts of inhibitor, characteristic 
of competitive inhibition (10). Non-competitive inhibition would give 
lines of variable intercept as well as variable slope. 

The recent observation (8) that the carboxylic acid analogue’ of thyroxine 
has a thyroxine-like activity of about 10 per cent of that of thyroxine 
suggested the investigation of ethers of 3,5-diiodo-4-hydroxybenzoic acid. 
The benzyl ether proved to be the most potent competitive inhibitor of all, 
the data in Table III indicating that molar ratios of inhibitor to thyroxine 























+ 
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Fig. 1, A. The effect of increasing concentrations of O-benzy]-3,5-diiodo-pL- 
tyrosine on the response of tadpoles to pL-thyroxine concentration. 

Fria. 1, B. The reciprocal of the observed effect as measured by the per cent de- 
crease in the length of tadpoles plotted as a function of the reciprocal of the molar 
concentration of pL-thyroxine for various levels of O-benzyl-3, 5-diiodo-pL-tyrosine. 


of 8 produced a 50 per cent reduction in thyroxine effect. The toxicity 
of this compound prevented its use at concentrations above those listed. 
The methyl and p-nitrophenylethyl ethers of 3 ,5-diiodo-4-hydroxybenzoi¢ 
acid required molar ratios of 150 and 75, respectively, to produce the same 
antagonism. The importance of the 3,5-iodines was indicated by the 
failure of 4-anisic acid and 4-benzyloxybenzoic acid to inhibit appreciably 
at molar ratios of 500 and 350, respectively. 

Inhibition of Compounds with Thyroxine-Like Activity—The inhibition 
by thyroxine antagonists of the thyroxine-like activity of compounds 


3 This designation has been preferred to the ‘‘benzoic acid analogue’’ nomenclature 
used to denote the same compound in a previous publication (8). 
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with altered acid side chains was also observed. The action of the car- 
boxylic acid analogue of thyroxine, 3 ,5-diiodo-4-(3’ , 5’-diiodo-4’-hydroxy- 
phenoxy)-benzoic acid, was competitively reduced by thyroxine an- 
tagonists at molar ratios similar to those for thyroxine. This is illustrated 
in Table IV which shows that the antagonism by O-benzy]-3 , 5-diiodo-pL- 


” tyrosine of the thyroxine-like activity of the carboxylic acid analogue re- 





“4 quires a molar ratio of 36 to diminish the thyroxine effect by 50 per cent. 
d. Ratios of 5 and more than 400, respectively, were required for a similar 
7 effect on the activity of this compound by 4-benzyloxy-3 , 5-diiodobenzoic 
” acid and O-benzyl-N-acety]-3 , 5-diiodo-L-tyrosine. 
TaBLe IV 
P Competitive Inhibition of Thyroxine-Like Activity of $,5-Diiodo-4-(3' ,5'-diiodo-4'- 
hydroxyphenozy)-benzoic Acid by O-Benzyl-3,5-diiodo-pi-tyrosine 
Per cent decrease in length after 72 hrs. incubation 
cA 0-Benzyl-3, S-diiodo-pL-tyrosine 3, $-Diiodo-4-(3', §’-dilodo-4’-hydroxyphenoxy)-benzoic acid per ml. 
PL ss —— lnisiceiatlen 
* Oy 257 5.0 ¥ 757 10.0 y 
Ya y per ml. 
io 0 0. 29 46 50 52 
3 10.0 0 25 42 49 52 
TOR 25.0 0 21 38 42 48 
: 50.0 0 18 34 40 44 
~ 100.0 0 13 27 33 38 
200.0 0 11 17 20 29 
(I/T) soy, weight ........... 35 30 22 25 
(I/T)soy, molar ............ 50 43 32 36 
ist See the corresponding foot-notes to Table I. 
it de- r . ey e, 8 . . oe ~ ee 
molar No inhibition of the thyroxine-like activity of 3 ,5-diiodo-4-(4’-hydroxy- 
osine. phenoxy)-aniline was observed with any of the above thyroxine antago- 
nists even at molar ratios greater than those which reduced the activity 
xicity 


of thyroxine to less than 50 per cent as indicated in sample data reported in 
isted. Table V. 


n Zoic Specificity of Thyroxine Inhibition—The specificity of the inhibition of 
same thyroxine by the type of competitive inhibitors described in previous para- 
y the graphs was tested by administering simultaneously with pu-thyroxine a 
ciably tumber of compounds, including structurally related, goitrogenic, and © 

polyfunctional substances. The thyroxine was used at a concentration of 
it | 0.50 y per ml. which, when given alone, resulted in a decrease in length of 
ounds 


4) + 5 per cent in 3 days incubation at 31° + 1°. A compound was con- 
clature | “ded to be without inhibitory effect when the thyroxine response was 








<a 
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not altered by more than a 10 per cent decrease in length. The maximum 
concentration of potential inhibitor was determined by its toxicity, by its 


water solubility at pH 8.0 + 0.5, and finally by a level just below activity T 
in case the compound itself exerted thyroxine-like activity (e.g., N-acetyl - 
thyroxine, etc.). A high specificity for thyroxine antagonism was indi. ; ™@ 
cated by the fact that none of the following compounds inhibited the effect ants 


of thyroxine when tested at the maximum possible molecular ratios listed: 




















TABLE V *6 
Absence of Effect of Thyroxine Inhibitors on Thyroxine-Like Activity of i 
8, 5-Diiodo-4-(4'-hydroxyphenozy)-aniline os! 
| | 
a a Inhibitor | pee emery Molar ratio* Preis 3 
. oxy )-aniline lengtht 
| ¥ per ml. | per ml. 
12 O - Benzyl - N - acetyl- | 0 1.0 0 55 
3,5 -diiodotyrosine | 250 1.0 200 565 
| 600 1.0 400 55 
4-Benzyloxy-3,5-di-| 0 1.0 0 55 Gly 
iodobenzoic acid 5.0 1.0 4.5 | 56 ro 
| 7.5 1.0 6.8 | 54 
19 O - Benzyl - 3,5 - di- 0 1.0 0 45 . 
iodotyrosine 10 1.0 8.6 42 Cark 
25 1.0 22 45 of 
50 1.0 43 45 
100 1.0 86 45 
200 1.0 | 172 45 
0 | 2.0 0 50 y 
0 | 20 | 4. 45 3,5 - 
2 | 20 | If 45 dr 
50 3.6} UCU 42 
100 2.0 43 52 
200 2.0 86 45 +h 
* Molar ratio of inhibitor to thyroxine-like, active compound. | acetyl 
+ The incubation time in these experiments was 80 + 5 hours. — 
. ee since t 
N-acetyl-pu-thyroxine, 10; 3 ,5-diiodo-4-(4’-hydroxyphenoxy)-benzoic acid, tgrop4 


15; 3,5-diiodo-4-hydroxybenzoic acid, 1000; 3 , 5-difluoro-4-methoxyphenol, 
440; 3,5-dichloro-4-anisic acid, 350; 2-amino-3 ,5-diiodobenzoic acid, 100; An 
L-tyrosine, 2000; N-acetyl-3 , 5-diiodo-t-tyrosine, 1600; 4-fluorobenzoic acid, sme 
5000; 4-anisic acid, 500; 3-hydroxybenzoic acid, 280; salicylic acid, 1700; | yioyg} 
4-aminobenzoic acid, 2830; 4-iodobenzoic acid, 1560; 4-anisidine, 3150; sul- nd of 
fanilic acid, 1350; sulfanilamide, 2250; benzoic acid, 6300; benzyl alcohol, | ine.jj, 
1800; 2-thiouracil, 2400; 2-mercaptoimidazole, 1550; ascorbic acid, 1770; coer 
sodium iodide, 5000; malonic acid, 750; acetonitrile, 350. ) facts | 
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DISCUSSION 


Table VI summarizes the experiments involving all pairs of thyroid- 
active and antagonistic compounds. Considerable modification of the 
structure of thyroxine has resulted in the production of potent competitive 
antagonists. 








TaBLe VI 
Summary of Inhibition of Thyroxine-Like Active Compounds in Amphibia 
Thyroxine-like compound Inhibitor* | (C/T) 9% t Comment 
pi-Thyroxine A 37 Competitive inhibition, see 
Table II, Fig. 1 
ie B 550 | Competitive inhibition, see 
| Table I 
- C 8 | Competitive inhibition, see 
| | Table III 
ib D 75 | Competitive inhibition 
_ E 150 we - 
Glycine homologue of thy- B 650 | Probably competitive inhibi- 
roxine | tion 
_ ? C 10 | Probably competitive inhibi- 
| tion 
Carboxylic acid analogue A 36 | Competitive inhibition, see 


of thyroxine Table IV 


= o B | 400 | Competitive inhibition, toxic- 
ity of B prevented testing at 
higher ratios 
4 "" C 5 | Competitive inhibition 
3,5 - Diiodo - 4 - (4’ - hy- A Noinhibition at 172, see Table V 
droxyphenoxy) -aniline 
66 | B | “ 66 “409 “ so 
‘ C | 4 rT oe oe a 


*Inhibitors are designated A, O-benzyl-3,5-diiodo-pL-tyrosine; B, O-benzyl-N- 
acetyl-3, 5-diiodo-L-tyrosine; C, 4-benzyloxy-3,5-diiodobenzoic acid; D, 3,5-diiodo- 

| 4(p-nitrophenylethoxy)-benzoic acid; E, 3,5-diiodo-4-anisic acid. 

{The value of (J/7') at highest inhibitor concentration is used in this column, 


since this value is least affected by unsaturation of the system with respect to inhibi- 
toror thyroxine. 





A most interesting finding is that these antagonists appear to have the 
same lack of specificity with regard to the side chain that has been pre- 
viously described for thyroxine-like activity (8). Modification of the other 
tnd of the molecule, however, has very pronounced effects on both thyrox- 
ne-like activity and antagonism. If it is assumed that thyroxine acts as 

_ ‘coenzyme or a prosthetic group in an enzyme or family of enzymes, these 
| lats may suggest that the thyroxine molecule associates with an enzyme 





es i 
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by means of its side chain and exerts its function by means of the ortho- 


diiodohydroxypheny] ether structure at the opposite end of the molecule. : 
Niemann et al. (11, 12) likewise have suggested an active locus of the mole- en 
cule by the formation of a quinoid resonance form involving the phenolic vA 


hydroxyl group and the ether oxygen. The observation that several potent | 
antagonists of thyroxine and its acid analogues have no influence on the 
thyroxine-like action of 3 ,5-diiodo-4-(4’-hydroxyphenoxy)-aniline can most 


readily be interpreted as an indication that this thyroid-active substance 2 
combines with different groups, perhaps of opposite polarity at physio- 7 
logical pH values, in the postulated enzyme system than do the thy- 
roxine-like active compounds with acidic side chains. 7 
In earlier work (8) it was not possible to determine whether or not cer- 2, 
tain thyroid-active compounds were independently active or were con- 3. 


verted to thyroxine. If such compounds were converted to thyroxine, 
molar ratios necessary to reduce the thyroxine-like effect to one-half would ‘ 
be lower in the case of the less active compound. Table VI indicates the 5. 
similarity of such molar ratios for thyroxine as compared to the carboxylic 6. 
7 
8 
9 


. 

acid analogue. No influence on the thyroxine-like activity of 3 ,5-diiodo- 4 
4-(4’-hydroxyphenoxy)-aniline was observed for even larger molar ratios. 
It is, therefore, suggested that these two compounds are not converted to ba 
thyroxine to exert their action on Amphibia. in] 
12, ] 


SUMMARY 


Several derivatives of 3,5-diiodotyrosine and of 3,5-diiodo-4-hydroxy- 
benzoic acid have been prepared and observed to inhibit competitively the 
effects of thyroxine on amphibian metamorphosis. The respective benzyl 
ethers of 3 ,5-diiodo-4-hydroxybenzoic acid and of 3 ,5-diiodotyrosine were 
found to reduce the effect of thyroxine by 50 per cent when the molar ratio 
of the inhibitor to thyroxine was 8 and 37 respectively. The specificity 
of this inhibition was demonstrated by the inability of many other sub- , 
stances to produce any inhibition at much higher molar ratios. 

The benzyl ethers of 3,5-diiodotyrosine and of 3,5-diiodo-4-hydroxy- 
benzoic acid also proved to be competitive inhibitors of the thyroxine-like 
active compound, 3 ,5-diiodo-4-(3’ ,5’-diiodo-4'-hydroxyphenoxy)-benz0i¢ 
acid. This inhibition was achieved at molar ratios similar to those ob- 
tained with thyroxine. However, these inhibitors had no effect upon the 
thyroxine-like activity of 3 ,5-diiodo-4-(4’-hydroxyphenoxy)-aniline at very 
high molar ratios. The fact that concentrations of inhibitors which re- 
duced the effect of thyroxine appreciably did not alter the activity of these 
thyroxine-like compounds indicates that they are not converted to thyrox- | 
ine for activity. 

Assuming that thyroxine-like active compounds act by virtue of serving} 
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as a prosthetic group or coenzyme for some enzyme system or systems, this 
and other recent evidence suggests that the side chain of thyroxine serves 
as an enzyme-associating locus, while the orthodiiodohydroxyphenyl ether 
group acts as an “‘active”’ or “functional” locus of the molecule. 


We are greatly indebted to Joy Levin Forrester for assistance in per- 
forming the syntheses described, and to Elizabeth V. Tukich for assist- 
ance in the biological tests. 
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THE CARBOHYDRATE METABOLISM OF TRYPANOSOMA 
HIPPICUM* 


By STEWART C. HARVEYt 
(From the Department of Pharmacology, University of Chicago, Chicago) 


(Received for publication, November 17, 1948) 


Investigations into the nature of carbohydrate metabolism of Trypa- 
nosoma hippicum have been undertaken with a two-fold purpose: (1) to 
gather further information concerning the comparative biochemistry of 
trypanosomes, and (2) to ascertain whether there are detectable metabolic 
differences between normal and arsenic-resistant trypanosomes. 

Considerable differences seem to exist among several species of trypa- 
nosomes as regards their metabolism. Glucose is mainly converted into 
the 3-carbon pyruvic acid by 7’. equiperdum (1, 2) and T’. evansi (3), while 
T. lewist (2, 4, 5) produces the 4-carbon succinic acid, the 3-carbon pyruvic 
and lactic acids, and several 1- and 2-carbon fragments, apparently utilizing 
carbon dioxide in the process. 7’. rhodesiense (6) also forms succinic acid 
and a host of other products, but the r.q. (7) is much lower than that of T. 
lewisi. Unlike other species of trypanosomes, 7’. cruzi (8) is thought to be 
relatively independent of sulfhydryl enzymes. Phosphorylating mecha- 
nisms for the degradation of glucose have been claimed for 7’. equiperdum 
(9) and 7’. evansi (3). Most trypanosomes appear to be able to utilize 
glycerol. Arsenic-resistant trypanosomes have been reported not to differ 
from normal strains with respect to the balance of substrate oxida- 
tion (2, 6). 

The present report shows that T. hippicum resembles 7’. evansi and T. 
quiperdum. Certain features of the metabolism of this hemoflagellate 


| may be of general biochemical interest. Work with an arsenic-resistant 


sirain of the parasite has offered no evidence for a metabolic basis of arsenic 
resistance. 


EXPERIMENTAL 


Analytical Methods 


Measurements of gas exchange were made manometrically at 38° with a 
Barcroft-Warburg constant volume respirometer by the methods of Dixon 
(10). Respiratory quotients were determined by the direct method wherein 


*This investigation was supported by a grant-in-aid from the United States 


Public Health Service. 


{Roche Anniversary Foundation Fellow in Pharmacology, 1947-48. Present ad- 
dress, University of Texas School of Dentistry, Houston 4, Texas. 
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vessels contained potassium hydroxide in the center wells for the measure- one 
ment of oxygen consumption, while duplicate vessels without potassium 00s 
hydroxide were simultaneously employed for the measurement of the sum | S42 
of oxygen consumption and carbon dioxide production. Initial and re- | 4 
tained carbon dioxide was determined in control and test vessels, respec- {Will 


tively, by the addition of acid from the side arm at the appropriate times, 
Acid production was measured by the displacement of carbon dioxide from 


bicarbonate contained in the suspension medium, with corrections for ‘ 
carbon dioxide retention from the method described above. | sur 

In the experiments on the balance of substrate oxidation glucose was try 
determined by the method of Nelson (11). In all other experiments the alb 
Folin-Malmros method (12) was used. Fructose was analyzed according fro 
to Roe (13). Pyruvate and total hydrazones were measured as outlined by of |] 
Friedemann and Haugen (14), while lactic acid was determined by the pro- regi 
cedure of Barker and Summerson (15) modified according to Speck, V 
Moulder, and Evans (16). of | 

Glycerol was measured by a method developed in this laboratory after the coll 
Hovey-Hodgins qualitative test (17). To a sample of 1.8 ml. of the tior 
trypanosome suspension were added 0.2 ml. of 20 per cent copper sulfate RP. 
and 0.2 gm. of calcium hydroxide. After the solution had stood at room pre} 
temperature for 2 hours, the insoluble matter was removed by centrifuga- | the 
tion. To 1.5 ml. of the clear supernatant fluid was added 1.0 ml. of 0.1 was 
per cent 2,4-dintrophenylhydrazine in 4 N hydrochloric acid. At the end sipk 
of 10 minutes the reaction mixture was vigorously extracted with five 5 ml. in 1 
portions of redistilled xylene. 1 ml. of the colorless aqueous layer was wer 
removed to a colorimeter tube to which were then added 1.0 ml. of fresh inte 


10 per cent catechol and 3.0 ml. of concentrated sulfuric acid. The tube 
was then placed in a sulfuric acid bath at 140-145° for 10 minutes, and the 
development of a pink color ensued. At the end of the incubation period 
the tube was cooled in ice water. Colorimeter readings (Klett-Summerson) 


were made by use of a green filter having a maximum absorption at a 0 
wave-length of 540 mu. 40 to 200 y of glycerol may be determined by this _ 
method, and the optical density is directly proportional to the concentra- med 
tion of glycerol in this range. Glucose, pyruvate, and lactate give a color = 
with the reagent; glucose is removed by the lime and pyruvate by the ns 
extraction of the dinitrophenylhydrazone. Lactate was not present in a 
the experimental samples. "* 

The phosphorylated intermediates and related esters were analyzed accord- yt 
ing to Procedure B outlined by Umbreit, Burris, and Stauffer (18), with a 
all the analytical methods recommended by them. Glycerophosphates : . 
were determined by the method of Leva and Rapoport (19) with the modif- ‘ae 


cation of LePage (20). Subsequent analyses of simpler mixtures, in which 
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one or more of phosphate, adenosine triphosphate, triose phosphate, glu- 
cose-6-phosphate, glucose, and fructose were contained, were made by the 
same analytical methods. 

Specific enzymatic analyses and other details of experimental procedure 
will be described later. 


Propagation and Preparation of Parasites 


The parent strain of 7’. hippicum used in this investigation was kindly 
supplied by Dr. Malcolme H. Soule of the University of Michigan. The 
trypanosomes were propagated by serial transfer through Sprague-Dawley 
albino rats approximately 250 gm. in weight. The rats were fed ad libitum 
from a diet of a half-and-half mixture of bread and ground beef lungs and 
of Purina dog checkers. Transfers of the infection from rat to rat were 
regulated in such a manner that death of the animal occurred in 2 or 3 days. 

When the infection in the rat rose above 500,000 trypanosomes per ¢c.mm. 
of blood, the trypanosomes were harvested by decapitating the rat and 
collecting the blood in 1 ml. of heparinized Krebs-Ringer-phosphate solu- 
tion, pH 7.4 (21). Differential centrifugation of 8 minutes duration (1500 
n.P.M., head radius 12.5 em.) was begun immediately. For whole cell 
preparations the white trypanosome layer was siphoned off into 10 ml. of 
the chilled experimental suspension medium and recentrifuged. Further 
washings were made if necessary. The trypanosome layer was then 
siphoned into 8 volumes of the suspending medium. Suspensions prepared 
in this manner contained 2 to 10 X 10° parasites per c.mm. _ Lysates 
were prepared by washing with chilled isotonic saline and finally siphoning 
into 8 volumes of distilled water. 


Results 


General Metabolic Properties of Whole Cell Preparations 


Optimal Conditions of Concentration and Population—In the following 
work 3 ml. of Krebs-Ringer-phosphate solution were the selected suspension 
medium, and the vessels were gassed with air. Center wells contained 0.2 
ml. of 20 per cent potassium hydroxide. The vessels were equilibrated 
for 10 minutes, and all determinations were run at 38°. No respiration of 
the trypanosomes was found to occur in the absence of added substrates. 
Furthermore, only quite stable preparations could survive, even in part, an 
equilibration period of 5 or more minutes if the substrate were withheld 
during that time. Techniques in which the addition of substrates or of 
parasites from the side arm was employed were thereby generally pre- 
cluded; hence from the outset trypanosomes and substrate were placed 
together in the main compartment of the respiration vessel. 
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The relationship of oxygen assimilation to glucose concentration is jllys- | ¢ow 
strated in Fig. 1. The initial and hourly rates are seen to be nearly linearly nor 
dependent upon the glucose concentration up to about 0.003 M, after which no ¢ 
the curve assumes plateau characteristics, the plateau of which is stable | 0 
beyond concentrations of 0.07 m. Substrate analyses at the end of the den 
experimental period and correlation of the amount of oxygen used with | wer 
the available glucose showed that the glucose was always in excess; so that per 
the relationship shown is truly a dependence upon concentration. valu 


In order to determine suitable population densities to be employed in 
further experimentation, the number of trypanosomes in a vessel was 
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GLUCOSE CONCENTRATION, M X 10 
Fia. 1. The oxygen uptake of 7. hippicum as a variable dependent upon glucose 
concentration. The suspension consisted of 3.0 ml. of Krebs-Ringer-phosphate 
solution containing 8 X 107 trypanosomes and glucose in the indicated concentra- 


tions. The center wells contained 0.2 ml. of 20 per cent KOH. Gas phase, air; Fi 
temperature, 38°; equilibration period, 5 minutes. pt 
of Kr 

“ ; cose ° : . 0.2m 
varied between rather wide limits. A graphical representation of an | 4). 


example is given in Fig. 2 wherein data for two experimental periods of 

different length are plotted. For short periods the oxygen uptake was gap) 
directly proportional to the number of trypanosomes, but for periods | tn 
longer than 20 minutes the quantity of oxygen consumed reached a maxi- tryps 
mum and then diminished with increasing numbers of trypanosomes. tion 
Since the ascending limb of the curve was linear up to about 20 X 10’ were 
trypanosomes for a period as long as 90 minutes, 5 to 20 X 10’ trypanO —__figjg} 
somes in a 3.0 ml. volume seemed to be a good working range for experi- Re 
ments of 1 hour’s duration. In these experiments the concentration of | their 
glucose was initially 0.011 m, which is more than sufficient to support the } lvoe 
amount of oxygen uptake recorded. The characteristics of the curve 








—— °° °° °°; = 
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“. | could not, therefore, be attributed to limiting quantities of the substrate, 
“ nor could they be correlated with changes in pH. The rate of shaking had 
h no effect on the shape of the curve. 


le | Oxygen Quotients—Under the most favorable conditions of population 
hi density and of glucose concentration stable suspensions of trypanosomes 
| were found to have an initial rate of utilization of oxygen of 15 to 25 ml. 

oF per 10'° trypanosomes per hour. The rates fell off rapidly from the initial 
value to less than 50 per cent of the initial rate in 1 hour, even in the most 
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phate NUMBER OF TRYPANOSOMES X1I07? 
sntra- : 
. air, | Fic. 2. The oxygen uptake of 7’. hippicum as a variable dependent upon popula- 
9° ’ . ° rm . . . . 
_ tio density. Trypanosomes in the indicated numbers were suspended in 3.0 ml. 
| of Krebs-Ringer-phosphate containing 0.044 m glucose. The center wells contained 
‘a 0.2 ml. of 20 per cent KOH. Gas phase, air; temperature, 38°; equilibration period, 
ol an 10 minutes. 
ds of 
e Was sable preparations. Only the initial quotients, therefore, approach the 
eriods ttue respiratory potential of the parasites. Since the dry weight of 10!° 
max! trypanosomes is about 120 mg., the Qo; in Krebs-Ringer-phosphate solu- 
somes: tion was about 170. The Qé; (N) was about 1000. Oxygen quotients 
x 10 vere considerably higher and steadier in mammalian plasma than in arti- 
ypano” —_tttial media, QS" values in rat plasma reaching as high as 240. 
exper | Respiration on Various Substrates—Nineteen compounds were tested for 
(100 : | their ability to support the respiration of trypanosomes. Of these only 
ort the 


) glycerol seemed to be metabolized at a rate equal to or better than that 
curve 
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of glucose. $-Glycerophosphate also gave an adequate support, being 3 | | 

times better in this respect than a-glycerophosphate. Other phos. set 
phorylated intermediates were only slightly utilized. p1t-Glycerose was | 
somewhat metabolized. Neither lactate nor pyruvate, nor any of the ith 
tested intermediates of the tricarboxylic acid cycle, was able to support - 
the respiration of the microorganisms. None of the dicarboxylic acids | 
accelerated the respiration of the trypanosomes when glucose was used | phen 
as a substrate, nor did they enable the parasites to utilize pyruvate. Data | utili 


from experiments with the various substrates are presented in Table I. po 
vort 


TABLE I } 

Oxygen Utilization of T. hippicum Maintained on Various Substrates 
The complete system contained 0.127 m NaCl, 0.0051 m KCI, 0.0028 m CaCl, | 
0.0013 m KH.PO,, 0.0013 m MgSO,, 0.01 m NaH2PO, of pH 7.4, 0.025 w NaHco, | 7 
5 to 20 X 107 whole trypanosomes, and the substrate in the indicated concentration 0.001 
Total volume, 3.0 ml. The center well contained 0.2 ml. of 20 per cent KOH. Gas | ) 022 
phase, air; temperature, 38°; experimental period, 60 minutes. A glucose control | me 


(0.04 m) was simultaneously run with each substrate for purposes of comparison. | a 
—— 01m 
Substrate Concentration of Oxygen used Qo, substrate ture, 
cic substrate = Qc, glucose aa 
With substrate Glucose control . 
M pl. pl, 

Ey ee er oe 0.04 363 248 1.46 
a-Glycerophosphate....... 0.04 44 231 0.19 ) NaC) 
B-Glycerophosphate........ 0.04 70 108 0.65 NaNy 
DUAMIYOBTOBS «6 i56cc ccs eek 0.04 68 291 0.23 NaF. 
Glucose-6-phosphate....... 0.007 4 216 0.02 Dt-G] 
Hexose diphosphate........ 0.006 5 216 0.02 lodoa 
OS Corre re es | 1 mg. per ml. 14 | 260 0.05 Oxopl 
Malor 


Acetate, gluconate, formate, oxalate, ethanol, malate, succinate, oxalacetate, — NaS 
fumarate, citrate, pyruvate, and lactate were not metabolized in concentrations of | NaH 
0.02 mM. — 


Effect of Respiratory Inhibitors—Table II shows the effect of several Vit 
inhibitors on the oxygen utilization of trypanosomes suspended in Krebs Ut 
Ringer-phosphate solution with added bicarbonate when glucose was used "P* 
as a substrate. The data indicate that the parasites are quite insensitive | prepa 
to cyanide. Even 0.1 m sodium cyanide inhibited only 87 per cent and 1.0 iniph 
M inhibited 98 per cent. When glycerol was used as a substrate, very duta, 
nearly the same degrees of inhibition were obtained. Precautions were 
taken to prevent the distillation of cyanide into the center well (18) 
Azide is even less effective as an inhibitor. High concentrations of flu In 
ride were also needed to cause a severe inhibition, 0.1 m sodium fluoride | ton, 
being required to inhibit respiration 83 per cent. The same order of } dong 
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insensitivity was found with glycerol as a substrate. Trypanosomes 
maintained on glucose proved to be relatively sensitive to pi-glycerose, 
though it was found that pt-glycerose alone could be utilized as a sub- 
trate to some extent. At a concentration of 0.03 m an inhibition of 97 
yr cent was obtained. The sulfhydryl inhibitors iodoacetate and oxo- 


shenarsine (U.S. P.) proved to be quite potent in suppressing the oxygen 


utilization. Sele nite and arsenate probably also exert their effect through 
ulfhydryl inhibition, arsenate first being reduced to arsenite. It is note- 
yorthy that malonate exerted no effect at the concentration used. 


TABLE II 
Effect of Respiratory Inhibitors on Oxygen Assimilation of T. hippicum 
The complete system contained 0.127 m NaCl, 0.0051 m KCl, 0.0028 m CaCly, 
(0013 m KH2PO,, 0.0013 m MgSO,, 0.01 m Na:HPO, of pH 7.4, 0.025 m NaHCOs,, 
(022 m glucose, 5 to 20 X 107 whole trypanosomes, and the inhibitor in the indicated 


concentration (tipped in from the side arm). Total volume, 3.0 ml. The center 


| well contained 0.2 ml. of 20 per cent KOH, except in the case of cyanide, in which 


(1 ml. of 0.002 m KOH and 0.1 ml. of 2m KOH were used. 
ture, , 38°; experiment il period, 1 hour. 


Gas phase, air; tempera- 


Inhibitor Concentration of 


inhibitor Per cent inhibition 
M 
es iain ck tc oars Se Pe eee | 1 X 10° 36 
De ia wines oat ua eee eeeeed eee 1X 10° 38 
EE ey rege ret cca 4 1 X 107? 15 
Serer eee ret | 3X 10- 48 
SCOTT Tere | 1.6 X 10° 50 
TE Te | 4.3 X 10° 50 
RAPE Toe Oe ee re 1 X 10°? 0 
SN ini ob a cend adcedansiginenaenenaes 1 X 10° 38 
I 5 3.0:<0es-d'e v0 ete wan cde een eee 1 X 107° 78 


Vitamins and Cofactors—None of calcium pantothenate, riboflavin, 
tiotin, thiamine chloride, nicotinic acid, nicotinamide, sodium ascorbate, 
wt p-aminobenzoic acid had any effect on the respiration of the whole cell 


| preparations when glucose was used as a substrate, nor did adenosine 


iiphosphate, triphosphopyridine nucleotide, diphosphopyridine nucleotide, 
dutathione, either singly or in combination. 


Balance of Substrate Utilization 


In order to determine the carbon balance of glucose and glycerol oxida- 


fluoride | ton, the substrate and oxygen were initially and terminally measured, 
yrder 0 


) long with the simultaneous determination of several possible conversion 


products. Pyruvate, lactate, total hydrazones, total acid, and glycerol 








: t 


442 CARBOHYDRATE METABOLISM OF T. HIPPICUM 


were analyzed. Respiratory quotients were also determined. The molar | upo 
ratios between the various pairs of reagents and products of the trang. It i 


formation are presented in Table III together with the respiratory quo. | acta 
tients. Lactate is also shown among the substrates, although the datg It 
indicate that it is not metabolized. | aa 
at ¢ 

TABLE III bale 

Balance of Substrate Utilization in T. hippicum bee: 


The complete system contained 0.127 m NaCl, 0.0051 m KCl, 0.0028 m CaCl, | diffi 
0.0013 m KH.2PO,, 0.0013 m MgSO,, 0.01 m NaH2PO, of pH 7.4, 0.025 m NaHCO, 
5 to 20 X 107 whole trypanosomes, and the substrate in the indicated concentration ) 
(tipped in from the side arm). Total volume, 3.0 ml. The center well contained 
0.2 ml. of 20 per cent KOH, except when CO: production was being measured. For pyr 


oxic 
































aerobic trials pure oxygen was used, except when CO» was being measured, in which h 
case 95 per cent O2-5 per cent CO. was used. For anaerobic trials 95 per cent N»-5 pyr 
per cent CO, was used. Temperature, 38°; experimental period, 60 minutes. T 
Molar ratio but 
mae § yO) ae = evel 

Substrate Concen- g lg R.Q 

tration ; 1 a : 

1g | Sle S18 Sle © vie =/2 «|e 
sie | 818 | Sle | 2) als | sis | gle | Sis 

pa | 3g | 22/3” | ee) ea | Se) se) | 
Oa | ei | ela | 8] | eS | &le | Ola | Ala was 
Aerobic In * 
+ eS ie aia Nata aaa wae pani ‘am per 
I M | ‘ 
Glucose. ...| 0.01-0.04 0.89 | 2.17 | 1.76 | 1.81 | 2.15} 1.83|0.07/ 0.19! 0.0 | ™ 
“  ..| 0.0011 1.97 | 2.09 | | 2.07 | 0.0 | 0.05 tot 
Glycerol.... 0.02 0.95 | 1.10 0.99 1.03 | 0.93 0.0 | 0.0 uM 
Lactate..... 0.01 0.0 | | 0.005 pres 
a RPM = —_ ~ 1-pl 
Anaerobic P 
Sana RARER DERE GURNRE Ge eee | 
Glucose. ...| 0.01-0.04 | 0.95 | 0.98 | 0.91 | 0.07 pha 
++] 0.0011 | 1.05 | 0.88 i 
* Expressed in terms of pyruvate equivalent. oxy 
t This is probably pyruvate interference. Slei 
| ing 


It is noteworthy that an R.q. of 0 was obtained with either glucose or _ este 
glycerol as a substrate. From this and from the molar ratios shown, it — able 
appears that aerobically the transformations did not proceed beyond inst 
pyruvate. No hydrazone-forming keto acids other than pyruvic acid ame 
were found. on 

At high concentrations of glucose the aerobic transformation of glucose acti 
to pyruvate was not quite quantitative, the oxygen used and the pyruvate 
produced being roughly 10 per cent less than the theoretical values based 
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upon the amount of glucose used. A trace of glycerol was also detected. 
It is felt that the lactate shown among the products in Table III was 
actually pyruvate, which interfered in the lactate analysis. 

It was thought that the deviations from theoretical values might be the 
result of a more rapid anaerobic phase than the aerobic phase could sustain 
at concentrations above 0.01 m. In order to test this possibility the carbon 
balance was investigated at lower concentrations, in which case glucose 
became the limiting factor. Under these conditions the gas exchange was 
difficult to balance, but the data indicate that glucose was quantitatively 
oxidized to pyruvate. 

Aerobically glycerol was also shown to be quantitatively converted to 
pyruvate. The trace of pyruvate resulting from lactate is not significant. 

In the absence of oxygen glucose is nearly quantitatively degraded to 
pyruvate and glycerol. 

The effect of oxophenarsine upon the carbon balance was investigated, 
but no significant alteration in the pattern of molar ratios was noted, 
even under conditions of rather severe inhibition. 


Glycolysis in T. hippicum 


Fractionation of Phosphorylated Intermediates—Trypanosomes were thrice 
washed in cold isotonic saline solution and frozen for subsequent analysis. 
In Table IV the data are presented as micromoles of the stated compound 
per gm. of the frozen packed trypanosomes. 1 gm. of the trypanosomes 
may be considered to be roughly equivalent to 10'° microorganisms. The 
total acid-soluble phosphorus found in the parasites amounted to 20.4 
uM per gm. Adenine derivatives and other labile compounds were 
present in only small amounts, while phosphoglyceric acids and glucose- 
l-phosphate were absent. The predominant organic phosphorus com- 
pounds were triose phosphates, glycerophosphates, and glucose-6-phos- 
phate. 

Hexokinase in T. hippicum—The presence of hexokinase was tested by 
oxygen uptake. The method is an adaptation of a principle employed by 
Slein' who measured hexokinase activity spectrophotometrically by follow- 
ing the reduction of triphosphopyridine nucleotide (TPN) by Robison 
ester dehydrogenase (Zwischenferment). Since this requires a consider- 
able amount of TPN, it was deemed practical to measure oxygen uptake, 
instead, by including yellow enzyme in the system. Only catalytic 
amounts of TPN were thereby required. The results of tests carried out 
on homogenates of the parasites are shown in Table V. Hexokinase 
activity is shown by an appreciable oxygen uptake which is dependent 


li hen 
Slein, M. J., personal communication. 
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upon glucose, adenosine triphosphate (ATP), TPN, and Zwischenferment. 
In confirmation of this, chemical analyses show that hexose diphosphate 
was formed and that considerable amounts of ATP were destroyed. The 
trypanocide, oxophenarsine, was included to show the sensitivity of the 
enzyme to sulfhydryl inhibitors. 

Trypanosomes themselves were not found to contain Zwischenferment 
when assayed by the method of Negelein and Gerischer (22), although the 
data of Table V suggested such a possibility. 


TABLE IV 


Phosphorylated Esters and Related Compounds in T’. hippicum 


) , 
Per cent phosphorus 


Fraction Compound* of fraction 
uM per gm. 
Barium-insoluble Inorganic 3.9 50 
Hexose diphosphate 0.10 2.7 
Phosphoglyceric acid 0.0 0.0 
ATP + ADP 0.03 1.2 
SE Irae ee Eee POET rere eT ee ee 54 
Barium-soluble-alco- | Phosphocreatine 0.6 S 
hol-insoluble Phosphopyruvate 0.6 8 
Glucose-1-phosphate 0.0 0.0 
Glucose-6-phosphate 1.2 16.0 
Fructose-6-phosphate 0.07 0.9 
Triose phosphate 2.4 30 
Pentose * 0.07 0.9 
Adenylic acid 0.18 2.5 
DPN + TPN 0.05 2 
Glycerophosphates 2.16 29.5 
SE atte dss Sieh piel eae Mee ae eek ass dapat Macha wa ooks ee 


* ATP, adenosine triphosphate; ADP, adenosine diphosphate; DPN, diphospho 
pyridine nucleotide; TPN, triphosphopyridine nucleotide. 


Adenosinetriphosphatase—Table V shows that a considerable amount 


ATP was split in the absence of glucose. That this may be attributed to | 


specific adenosinetriphosphatase determined by assay according to DuBois 
and Potter (23), the results of which are given in Table VI. Calcium 
activated the enzyme, as was expected, but magnesium activated the 
enzyme to even a greater extent at the usually inhibiting concentration 0! 
0.009 m. Fluoride had no effect in the absence of activating ions. 10 
order to test the specificity of the enzyme, a- and 6-glycerophosphates 
were included as controls; no phosphate was liberated therefrom. 
Aldolase—Lysates of the microorganisms were able to convert hex0s 
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diphosphate to triose phosphates. The system of Herbert et al. (24) was 
not satisfactory in this respect, and the pH of the medium, consequently, 


TABLE V 

Hexokinase Activity As Measured by Oxygen Uptake in Homogenates of T'. hippicum 

The complete system contained 0.017 m NaHCOs, 0.5 mg. of KCN, 80 mg. of old 
yellow enzyme, 7.5 of Zwischenferment, 0.012 m glucose, 0.005 m ATP, 12 y of TPN, 
,01 m MgCle, and 0.025 m NaF. One tube contained 6.0 X 10~ m of oxophenarsine. 
Total volume, 4.0 ml. A homogenate corresponding to 1 X 10% trypanosomes was 
added from the side arm. Gas phase, 100 per cent O2. The center well contained 
02 ml. of 20 per cent KOH. Temperature, 38°. The experimental period was 60 
minutes. The reaction was terminated by the addition of 0.1 ml. of 100 per cent 
trichloroacetic acid. 


System Glucose used | Oxygen used ATP* split peng er 
uM uM uM uM 
Complete system. ............ 14.4 5.4 9.9 5. 
| Sy ree 5.8 1.1 0.0 
PME INGORE . oo. . 6 5::<%s.e 00 0.4 5.8 
sb IBUIGR cui esccuheawes 14.2 | pe 9.8 7.2 
Oo" “MAGHesIUM. . 2.5.5.6 14.9 6.1 9.2 §.1 
“ — Zwischenferment...... 14.3 1.8 9.9 8.4 
Oxophenarsine added........ 7.2 3.3 8.8 2.4 


* Calculated on the basis that 1 mole of ATP will donate 2 atoms of phosphorus. 


Tas.e VI 
Adenosinetriphosphatase in T. hippicum 
The experimental system consisted of 0.75 ml. containing in final concentration 
).0077 m barbital buffer of pH 7.4, 0.0019 m ATP (or 0.0032 m a@- and 8-glycerophos- 
phate), approximately 5 X 107 thrice washed homogenized trypanosomes, and 
either 0.0061 m CaCl, or 0.009 m MgCl, or 0.015 Mm NaF as indicated. Temperature, 


37°. The reaction was stopped at the end of 15 minutes by the addition of 0.1 ml. 
of 100 per cent trichloroacetic acid. 


System ; Phosphorus | ATP split ATPase (10? 


trypanosomes = 1 mg.) 
y per cent units per mg. 
Es hh 4 eee aed | 30 | 17 6.0 
95d ois As Oa ace slen teks | 78 43 15.6 
rere cer © 130 72 26.0 
EN ii aciudn we kta dee eew’ | 30 17 | 6.0 
«,8-glycerophosphate control....... 0.8 | | 


vas raised to 8.0. The system contained 0.01 m borate buffer of pH 8.0, 
1.01 m hexose diphosphate (added from the side arm), 0.033 m potassium 
fluoride, 0.06 m potassium cyanide, and 0.5 ml. of a lysate of thrice washed 
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trypanosomes (about 6.4 X 108 trypanosomes). The total volume was 
3.0 ml. Nitrogen was used for gassing the vessels. An experimental 
period of 60 minutes at a temperature of 38° was concluded by the addition 
of 0.2 ml. of 100 per cent trichloroacetic acid to each vessel. In this system 
5.6 um of hexose diphosphate were used and 8.2 um of triose phosphate 
were formed. 

Triose Phosphate Dehydrogenase and Coupled Oxidation-Reduction—The 
system used in this analysis was adapted from one employed by Speck and 
Evans on extracts of malaria parasites (25). The presence of aldolase 
indicated that hexose diphosphate could be used for the substrate, pro- 
vided that aldolase is not the rate-determining factor in the sequence. 
Triose phosphate dehydrogenase activity is shown by the data in Table 


TaBLe VII 
Triose Phosphate Dehydrogenase in T. hippicum 
The complete system of 3.0 ml. contained in final concentration 0.025 m NaHCO,, 
0.01 m hexose diphosphate (tipped from the side arm), 0.0001 m diphosphopyridine 
nucleotide, 0.005 m MgCle, 0.033 m KF, 0.012 m glucose, 0.00066 m ATP (tipped in 
from the side arm), 0.01 m phosphate (pH 7.4), 0.012 m lithium pyruvate, and 0.5 
ml. of a homogenate of thrice washed trypanosomes (about 2.5 X 10° trypanosomes), 
Gas phase, 95 per cent N2-5 per cent COz. Temperature, 38°; experimental period, 
60 minutes. 


System | CO: 





ee ee | = * = am = = 
ET ee eer er errs PEEL TT eee er et eee ee te ee | 7.3 
PTT UTETIOT IEEE eee 0.3 
Ae BU or era eC e insta ek nied ea eed eeees 1.1 
A | ee ee eee ere Tee ee Tre TT Tey 5.0 


NG iis Ce ai Waxes ante cinimndwneeis beladenncedn 7.6 





VII, with an appreciable evolution of carbon dioxide which is dependent 
upon the presence of hexose diphosphate and diphosphopyridine nucleotide 
and which shows some activation by magnesium ions. The presence of 
pyruvate, however, did not seem to be necessary for the optimal function- 
ing of the system; evidently, dihydroxyacetone phosphate can oxidiz 
DPNH rapidly enough to keep pace with the dehydrogenase. 

The coupling of oxidation-reduction with phosphorylation is illustrated 
in Table VIII. In the absence of phosphate there was a marked diminution 
in the production of carbon dioxide. The activity of the system was also 
diminished by withholding either ATP or glucose. In the presence 0 
arsenate, however, neither phosphate, glucose, nor ATP was required. 

Triose phosphate dehydrogenase is sensitive to sulfhydryl inhibitors. 
Since oxophenarsine is chemotherapeutically of more interest than iodo- 
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acetate, the furmer was used to test the sensitivity of the system to sulf- 
hydry] inhibitors. In order to avoid equivocalities, the arsenate system 
was chosen in preference to the more complicated coupled system of Table 
VII. The data show a 53 per cent inhibition of triose phosphate dehydro- 
genase activity by oxophenarsine at the low concentration of 1.2 X 107M. 

Glycerol and Glycerophosphate Dehydrogenases—Since trypanosomes uti- 
lize and produce glycerol with facility, it seemed only likely that either or 
both glycerol or glycerophosphate dehydrogenases were operative. Gly- 
eerol, a-glycerophosphate, and 8-glycerophosphate were tested for their 
ability to reduce 2,6-dichlorophenol indophenol in the presence of trypa- 
nosome dialysates. After lysis trypanosomes were dialyzed against iso- 
tonic sodium chloride for 6 hours at 0°. The components of the Thunberg 


Tas_e VIII 

Coupled Oxidation-Reduction in T. hippicum 
The complete system is identical with the above system described for triose 
phosphate dehydrogenase (Table VII). In some vessels 0.001 m NasHAsQ, replaced 
glucose, ATP, and phosphate. In one vessel containing arsenate 1.2 X 10-5 M oxo- 
phenarsine was added (tipped in from the side arm). 





System | CO: 

| ua 

NNN 3. S 5.c.'s.0's ws own in ae RRS ee ae we | 7.3 
ANID. 0 5 igs dni 255 Se ee ei ot waa | 1.1 
RR: See ee eee | 4.8 
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system are given in Table IX. The reduction of the dye was followed 


colorimetrically in the Klett-Summerson instrument fitted with a filter of 


maximum absorption at 660 mu. The data show that all three substrates 
were capable of promoting the reduction of the dye at approximately the 
same rapid rate. Surprisingly, the reduction proved to be independent 
i coenzyme I. 


| Phosphorylation of Glycerol—Although it was shown that non-phos- 


phorylated glycerol could be dehydrogenated, it seemed plausible that 
glycerol could enter the metabolic sequence of events through a phos- 
phorylative mechanism similar to the mode of entry of glucose into gly- 
wlysis. In order to test this possibility the system of Colowick and 
Kalckar (26) was used, except that glycerol was used in place of glucose. 
The results are expressed in Table X. Carbon dioxide evolution was 
clearly dependent upon both glycerol and ATP and may be taken as evi- 
| dence of the phosphorylation of glycerol. 

| 

| 


| 
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Alkaline Phosphatase—At pH 7.3 a- and 8-glycerophosphates were not 
hydrolyzed (Table VI). Alkaline phosphatase, however, could be demon- 
strated at pH 9.8 by employing the same substrates. The results are 
presented in Table XI. While activity was quite definite, it wags not 
marked. Magnesium ions appeared to activate the enzyme only about 
22 per cent at the concentration used. 


TABLE IX 
Glycerol and Glycerophosphate Dehydrogenases in T. hippicum 

The complete system contained 0.01 m barbital buffer of pH 7.4, 0.02 m NaF, 100 
y per ml. of sodium dichlorophenol indophenol, a dialysate of approximately 2 x 
108 trypanosomes, and either 0.04 M a-glycerophosphate, 0.04 M 8-glycerophosphate 
or 0.04 m glycerol. Total volume, 5.0 ml.; temperature, 23°. The rate is the 5 
minute change in scale reading of the Klett-Summerson colorimeter fitted with a 
660 my filter. 


Substrate | Rate 
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TaBLE X 
Phosphorylation of Glycerol by T. hippicum 
The complete system contained 0.03 m NaHCO, 0.033 m NaF, 0.01 m MgCl, 
0.049 m ATP, 0.04 m glycerol, and a lysate of 2 X 108 thrice washed trypanosomes. 
Total volume, 3.0 ml.; gas phase, 95 per cent N2-5 per cent CO. Measurements 
were made over a 30 minute period at a temperature of 38°. 
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Other Enzymatic Assays 


It has been shown above that lactate was not assimilated by trypa- 
nosomes, nor could the parasites produce lactate from pyruvate. Further- 
more, pyruvate appeared to be completely dispensable in the triose phos 
phate dehydrogenase system. Considerable doubt, therefore, existed as 
to the presence of lactic dehydrogenase in T. hippicum. In this respect 
the Thunberg system used by Speck and Evans (25) for the assay of the 
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enzyme was employed, and the enzyme was found lacking in homogenates 
of the parasites. 

Homogenates of the microorganisms were tested also for cytochrome 
oxidase and succinic dehydrogenase by the method of Schneider and 
Potter (27). These two enzymes were not demonstrable by this method. 
Malic dehydrogenase could not be demonstrated by the method of Potter 
(28). Nor could these latter two dehydrogenases be shown by Thunberg 
techniques according to the methods of Gale and Stephenson (29) and Tam 
and Wilson (30). 

Catalase was assayed in order to determine whether trypanosomes are 
deficient in iron-containing enzymes other than the cytochromes. By 
the method of von Euler and Josephson (31) the catalase activity was 
found to be no greater than the low value of 0.10. 


TABLE XI 
Alkaline Phosphatase in T. hippicum 


The complete system contained 0.027 m borate buffer of pH 9.8, 0.005 m MgCl., 
0.008 m a- and 8-glycerophosphate (52 per cent a-), and a lysate of 1.4 X 108 thrice 
washed trypanosomes. Total volume, 5.8 ml.; temperature 37°; time, 1 hour. 





System Phosphorus liberated 
el. ie “microatoms 
MD: <i Shey cen cchiniaegenwNekeseasae Rees eanaue’ 2.8 
MUNIN PAB EUTECEG 6655/5 ecsk els ws So deo Ueda wearer igre a nei ae hates 0.0 

er EROS 5 5s ikl nce Resets Beige eee eee aeeeees 2.3 


Arsenic-Resistant Trypanosomes 


An oxophenarsine-resistant strain of 7’. hippicum was compared to the 
parent normal strain. In no respect thus far studied were any significant 
differences noted between normal and resistant trypanosomes, except that 
among the respiratory inhibitors oxophenarsine was required by whole 
resistant. trypanosomes in a higher (10-fold) concentration to bring about 
30 per cent inhibition of oxygen uptake. Respiratory inhibition, substrate 
utilization, and carbon balance were otherwise alike in the two strains. 
Likewise, the resistant strain lacked cytochrome oxidase, succinic, malic, 
and lactic dehydrogenases. The enzymes of glycolysis have not yet been 
studied in resistant trypanosomes. 


DISCUSSION 


From the evidence presented in Table III it appears that both glucose 


and glycerol are quantitatively oxidized to pyruvic acid as in the following 
equations, 
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CsHw2O¢ +. O2. — 2CH;COCO:H bh 2H20 
C;H;(OH)3; + O2: — CH;COCO:H + 2H:0 


Anaerobically the transformation is 
CeHi206 — C3H;(OH); + CH;COCO.H 


In this respect 7’. hippicum, T. equiperdum, and T. evansi are similar and 
may be distinguished as a group from species with more complicated 
metabolic schemes. It cannot be assumed, however, that these three 
species are identical with respect to their carbohydrate metabolism. 
While it is generally stated that 7’. equiperdum quantitatively oxidizes 
glucose to pyruvate, the data of Reiner, Smythe, and Pedlow show that 
the quantity of total acids produced falls short of the theoretical by some 
10 or 12 percent. Only 50 to 75 per cent of the titratable acid was demon- 
strable as pyruvic acid. In mouse blood T. evansi does not quantitatively 
produce pyruvic acid from glucose and it is suggested that some pyruvate 
is decarboxylated (3). Certain other differences apparently exist among 
the three species. T'. hippicum does not contain as much acid-soluble 
phosphorus as does T.. equiperdum (32). T'. evansi is quite sensitive to 
fluoride, while 7’. equiperdum (83) and T’. hippicum are not. Fluoride 
also has dissimilar effects upon the adenosine triphosphatase of 7’. hippicum 
and 7’. equiperdum, inhibiting only that of the latter (9). 

Phosphorylative glycolysis is frequently taken for granted in animal 
organisms. The uncertain position of Reiner, Smythe, and Pedlow (2) 
gave rise to the general belief that phosphorylation does not occur in 
trypanosomes. Chen and Geiling, however, presented some evidence of 
phosphorylation in 7’. equiperdum (9), and Marshall demonstrated phos- 
phorylated intermediates in the blood of mice infected with T. evansi 
(3). Although the present report shows that phosphorylative mechanisms 
for the degradion of glucose and glycerol exist in 7’. hippicum, an explana- 
tion of the relative insensitivity of the living parasite to fluoride remains 
obscure, as does an explanation of the paradoxical situation wherein Dl- 
glycerose may be utilized as a substrate and yet effectively inhibit the 
utilization of glucose. 

With respect to the relative distribution of the phosphorylated inter- 
mediates 7’. hippicum and T. evansi are similar, except that the latter is 
reported to produce considerably more ATP. It is uncertain what criteria 
were employed by Marshall as a measure of ATP. We have found the? 
minute phosphorus content of 7’. hippicum to be much greater than cal 
be accounted for by adenosine phosphates and other known acid-labile 
phosphates, and the figure given in Table IV is calculated from the limiting 
quantity of nitrogen found in the barium-insoluble fraction. It is to be 
expected from the method of preparation of the parasites for fractionation 
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that the adenosine triphosphate and adenosine diphosphate content should 
be low, but it would also be expected that the adenylic acid or adenine 
content would be proportionately higher. Since this was not the case, it 
may be suggested that the living trypanosome contains ATP in small 
quantities, but this of course does not imply a functional deficiency in the 
compound. A similar situation occurred with the pyridine nucleotides, 
wherein no correlation could be found between the amount of adenine 
nitrogen, pentose, and nicotinamide. The values reported are based upon 
nicotinamide, which was found in limiting amounts. 

The demonstration of a phosphorylative mechanism for the metabolic 
initiation of glycerol is significant but not unexpected. Gunsalus and 
Umbreit (34) have shown that Streptococcus faecalis phosphorylates glyc- 
erol. It is interesting that the two glycerophosphates and glycerol 
itself can be dehydrogenated with nearly equal facility. It is important 
to note that the glycerophosphate dehydrogenase found was neither 
DPN-linked nor cytochrome-linked, which two facts distinguish this 
enzyme from glycerophosphate dehydrogenases I and II, respectively. 
The same anomaly has been reported for S. faecalis (34). | 

The manner in which electron transfer is accomplished in the absence 
of cytochrome oxidase requires elucidation. Cytochrome by-passes are 
not unknown, but they are generally too slow to account for the extremely 
rapid turnover found in trypanosomes. The cytochrome-deficient S. 
faecalis also has a high Qo,, but it differs from trypanosomes in that hy- 
drogen peroxide is an end-product (34). In view of the extreme motility 
of trypanosomes it would appear that the electron transfer system is 
fairly efficient from the standpoint of making energy available for useful 
work, 

The over-all metabolic scheme, however, is inefficient, since it utilizes 
less than 15 per cent of the available free energy of glucose. Since no 
mechanism exists for the dissimilation of pyruvate, the parasite becomes 
dependent upon the host to remove this waste and prevent autointoxi- 
cation. The host is thus able to salvage a large proportion of the energy 
originally stored in glucose. This may partially explain why a rat, for 
instance, will not show signs of infection until about 10 per cent of the 
blood volume is occupied by the parasites. 

Marshall has concluded that arsenicals act on trypanosomes by inhibit- 
ing hexokinase (3). In this investigation both hexokinase and_ triose 
phosphate dehydrogenase were found to be sensitive to oxophenarsine, 
but the latter enzyme was considerably the more sensitive. On the 
other hand, if the latter enzyme were primarily affected in the whole 
ttypanosome, disturbances in the balance of substrate oxidation might 
be expected. This, however, was not the case. 
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Although no differences were found between normal and arsenic-resistan; 
trypanosomes in properties in which they were compared, this approach 
to the solution of the problem is by no means closed. The critical experi- 
ment of comparing the arsenic sensitivity of the sulfhydryl enzymes of 
the two strains should contribute to a clarification of the problem. 


SUMMARY 


1. Trypanosoma hippicum was shown to oxidize glucose and glycergl 
quantitatively to pyruvic acid. Anaerobically glucose was found to be | 
converted into glycerol and pyruvic acid. 

2. Glycolysis was found to conform to the Meyerhof-Cori-Embden 
scheme, except that lactate cannot be formed. Specific enzymatic analysis 
confirmed the presence of hexokinase, adenosinetriphosphatase, aldolase, 
triose phosphate dehydrogenase with coupled oxidation-reduction, glycerol 
and a- and 8-glycerophosphate dehydrogenases, and an alkaline phos. 


phatase. 

3. Fractionations of the acid-soluble phosphorus were made. ‘The con- 
tent of phosphorylated intermediates was found to be low, residing prin- 
cipally in glucose-6-phosphate, triose phosphate, and glycerophosphates. 

4. Specific enzymatic analyses were unable to reveal the presence of 





cytochrome oxidase, succinic dehydrogenase, malic dehydrogenase, and 
lactic dehydrogenase. The catalase content was found to be quite low 
No evidence of a tricarboxylic acid cycle was found. 


The author is grateful to Dr. K. P. DuBois for help and counsel in 
connection with this work, to Dr. Ernest Kun for his kind interest and 
suggestions, and to Dr. Eric E. Conn for rendering help and materials in 
connection with Zwischenferment. 
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DESTRUCTION OF 3-8-HYDROXY 17-KETOSTEROIDS DURING 
HYDROLYSIS WITH HYDROCHLORIC ACID* 


By JOEL BITMANT ano SAUL L. COHEN 


(From the Department of Physiological Chemistry and the Max H. Hoffman 
Endocrinological Research Laboratory, University of Minnesota Medical 
School, Minneapolis, Minnesota) 


(Received for publication, January 24, 1949) 


Acid hydrolysis has long been used to free the urinary 17-ketosteroids 
from the water-soluble combinations in which they are excreted. Both 
hydrochloric acid (13, 5, 11) and sulfuric acid (15)! have been employed for 
this purpose. The acid treatment, while effecting relatively complete hy- 
drolysis, may also result in destruction (13, 5, 6, 3, 16), chlorine substitu- 
tion (2), dehydration (20, 4, 12), and in stereoisomeric transformations (6, 
16). 

Attempts to obviate the destructive action of acid hydrolysis have been 
made by Talbot and his associates. They described an enzymatic hydro- 
lytic procedure (18) and also a method of hydrolysis utilizing barium 
chloride at pH 5.8 (19). Their studies were conducted on urine from pa- 
tients with adrenal cortical carcinoma and adrenal cortical hyperplasia 
(18). We have investigated the BaCl, hydrolysis of the conjugated 17- 
ketosteroids in specimens of normal male urine and have obtained by this 
method a much higher 8 (C; hydroxyl cis to the Cio methyl) fraction than 
is usually reported for normal urine. The experiments reported below 
further indicate that a large proportion of the 6-17-ketosteroids is changed 
to an “a” fraction (no cis C3; hydroxyl group) by the usual HCl hydrolytic 
technique. 


Methods 


Colorimetric Determination of 17-Ketosteroids—The 17-ketosteroid con- 
tent of the urine extracts was measured by the Zimmermann reaction essen - 
tially as modified by Holtorff and Koch (9). 

Preparation of Urine Extracts for Color Assay—After hydrolysis, the free 
\7-ketosteroids were extracted from the urine by the procedure of Talbot 
and Eitingon (18), CCl, being used as the extracting agent instead of ethyl 


*This work was aided by a grant from the Graduate School of the University of 
Minnesota. 

t The data in this paper were taken from a thesis presented by Joel Bitman to the 
Graduate School of the University of Minnesota in partial fulfilment of the require- 
ments for the degree of Master of Science. 

‘Samuels, L. T., personal communication (1947). 
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acetate. The ketonic fraction was removed by the Pincus and Pearlman 
modification (14) of the Girard method and then separated into ‘“a’’ and 
8 fractions by the digitonin fractionation method of Frame (7). 

Hydrolysis of Conjugated 17-Ketosteroids. (a) With Hydrochloric Acid 
The procedure of Talbot, Butler, MacLachlan, and Jones (16) was followed 
in which concentrated HC] is added to the urine in the proportion of 15 per 
cent by volume, and the mixture boiled under a reflux for 10 minutes. 

(b) With Barium Chloride—The barium chloride technique described by 
Talbot and his coworkers (18, 19) was used as such or slightly modified 
Their procedure requires the extraction of the urine at pH 7.0 with normal 
butyl alcohol, and washing of the butanol extracts with n NaOH and then 
with n NaAc buffer (pH 5.8). The residue obtained by removal of the 
butyl alcohol in vacuo is then dissolved in 0.1 N NaAc buffer (pH 5.8) and 
heated with BaCl, in a boiling water bath for 4 hours. After cooling, it is 
extracted with CCl, and fractionated for assay of the 17-ketosteroid frae- 
tions in the usual manner. 


EXPERIMENTAL 


Total Amount of Free 17-Ketosteroids Obtained Following BaCl, Treatment 
of Butanol Extracts of Norman Male Urine As Compared with Amount Ob- 
tained Following HCl Treatment—Butanol extracts of a number of normal 
male urine batches were subjected to the HCl and BaCl, hydrolytic tech- 
niques and the amounts of free 17-ketosteroids released by these methods 
were determined. It was found that an average of 40 per cent of the 17- 
ketosteroids which were in the butanol extracts appeared in the CCl, ex- 
tract after treatment by the BaCl, procedure, as compared with the amount 
obtained after treatment with HCl. 

The lower 17-ketosteroid values obtained by the BaCl, hydrolytic treat- 
ment is not due to a destruction of these compounds, but is due rather to 
a failure of liberation of them from their conjugates. This is shown by 
the recovery of the remainder of the 17-ketosteroids after HCl hydrolysis 
of the aqueous solutions remaining following the BaCl, treatment (non- 
BaCl.-hydrolyzable 17-ketosteroids). Typical results are shown in Tablel. 

Distribution of 17-Ketosteroids Obtained Following BaCl, Treatment into 
“a” and 8 Fractions As Compared with That Obtained Following HC! Treal- 
ment—Butanol extracts of normal male urine were prepared and hydro 
lyzed with BaCl, and HCl as indicated above. Control urine specimens 
were also hydrolyzed directly with HCl, and the concentration of ‘‘a’’- and 
B-17-ketosteroids determined in each case. The average results of a num- 
ber of experiments are graphically represented in Fig. 1. The 3-8-hydroxy 
17-ketosteroids in the BaClh-hydrolyzable fraction represented approw- 
mately 25 per cent of the 17-ketosteroids in the butanol extracts prepared 
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extraction of the urine at pH values less than 3.0 with butyl alcohol results 
in a quantitative transfer of the conjugated 17-ketosteroids to the butanol, 
the subsequent amounts of ‘‘a’’- and 8-17-ketosteroids released by BaC], 
remain unchanged. Acid hydrolysis applied directly to the urine yielded 
a 3-8 fraction of about 4.5 per cent of the total 17-ketosteroid content. 
Conversion of 8-17-Ketosteroids to ‘‘a’’-17-Ketosteroids by HCl—The 
greater yield of 3-8-hydroxy 17-ketosteroids liberated in the BaCl, hydroly- 
sis experiment than in that involving HCl treatment of the urine could be 
explained as due to (a) a conversion of 3-‘‘a’’-hydroxy compounds into 3-8 
compounds by the BaCl: or (b) a destruction of 3-8-hydroxy compounds 


TaBLeE II 
Effects of HCl and BaCl, Procedures on Stereoisomerism of 17-Ketosteroids 


Ex- | = 3 %q” | “g 
per | rn Hydrolytic treatment 2 — we ony ( henge © Bec aes ( — Bd tion 
No. | 5 m tained tained 
_—_— 
mg. meg. meg. meg. m 
1A |C HCl 0.0 8.8 | 0.1 
1B ‘¢ followed by 0.0 8.2 | 0.1 —(0).6 () 
BaCl, 
2A |C! BaCl, 00 12 0.5 
2B a followed 0.0 1.2 0.0 +0.1 0.5 
| by HCl 
3A | E) HClonurine 0.0 9.0 | 0.7 
3B 3.2 10.3 1.9 +1.3 +1.2 
4A E)| HCl on BuOH 0.0 4.2 | 0.2 
4B extract 3.2 4.6 L0 +0.4 +0.8 
5A |E!| BaCle on BuOH | 0.0 1.4 | 0.6 
5B extract S.2 1:2 | 3.7 —0.2 +3. 1 


* Changes of 0.10 mg. or less are not considered significant in these procedures. 


by the acid. The correctness of the latter alternative was shown by the 
following experiments: (1) A 17-ketosteroid fraction obtained after HC 
hydrolysis was subsequently subjected to the BaCl, treatment. (2) A 17- 
ketosteroid fraction obtained after BaCl, hydrolysis was subsequently sub- 
jected to the HCl treatment. The effects of these second hydrolyses 01 
the distribution of the “a’- and B-17-ketosteroids were determined in both 
experiments and are shown in Table II, Experiments 1 and 2 respectively. 
It is seen that the @ fraction of the BaCl, hydrolysate is considerably re 
duced by subsequent HCl treatment, while subsequent BaCl, treatment 
has no effect on the amount of 6-ketosteroids in a HCl hydrolysate. These 
experiments thus indicated that the differences in the amounts of “a’- and 
8-17-ketosteroids of normal male urine obtained following BaCl, and HCl 
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treatment respectively is due to the damaging effects of HCl on the 8-17- 
ketosteroid fraction. 

This difference in the effect of the BaCl, and HCl treatments on the C; 
isomerism was also confirmed with a pure 3-8-hydroxy 17-ketosteroid (de- 
hydroisoandrosterone or DHA). 3.2 mg. of DHA were added to three por- 
tions of pooled male urine and subjected to the hydrolytic treatments as 
indicated in Table II, Experiments 3, 4, and 5. Control assays on urine 
samples to which no DHA had been added were carried out in each case, 
and the concentration of ‘‘a’’- and 8-17-ketosteroids in the hydrolysates de- 
termined in each case. It was found that where the acid treatment was 
effected directly on the urine, approximately 41 per cent of the added DHA 
appeared as the “‘a’’ fraction, while 38 per cent was recoverable in the 3-8 
fraction. When the acid treatment was effected on the butyl alcohol ex- 
tract, only 38 per cent could be accounted for between the ‘‘a” and 8 fraction 
two-thirds of which appeared in the 8 fraction. The greater loss of DHA 
observed on acid treatment of the butanol extract may be due to a rela- 
tively greater acidity in the aqueous hydrolytic solution as compared to 
the urine because of loss of urinary buffers and changes in the concentra- 
tion of protective agents effected during the preparation of the butyl alcohol 
extract. BaCl, treatment of the butyl alcohol extract resulted in no sig- 


nificant loss of the DHA from the 6 fraction (Table II, Experiments 5A 
and 5B). 


DISCUSSION 


The values herein reported for 3-8-hydroxy 17-ketosteroids following 
acid hydrolysis (average 4.5 per cent) are in general agreement with the 
findings of most workers. Baumann and Metzger (1) report values for 
8-17-ketosteroids of 5 per cent or less; Rhoads, Dobriner, et al. (15) also re- 
port values in this range (0.6 to 2.2 percent), while Frame (7) gives an aver- 
age of 2.1 per cent. Talbot and his coworkers (17) report somewhat higher 
values, but their determination of the 8 fraction was made by an indirect 
method (subtraction of the determined “a” from the determined total) and, 
as has been pointed out by Frame (7), is subject to an error of overestima- 
tion. 

Utilizing the BaCl, hydrolytic technique, the 3-8-hydroxy fraction was 
found to constitute 11 to 16 per cent (average 13.38 per cent) of the total 
li-ketosteroid content of normal male urines studied. Approximately 40 
to 60 per cent of the 17-ketosteroids which are hydrolyzed by BaCl, are 
88 compounds. The BaCl, hydrolytic method results in the liberation of 
oly 20 to 35 per cent of the 17-ketosteroids present in the urine samples, 


_ and thus almost 75 per cent of the conjugated 17-ketosteroids in normal 


male urine are not hydrolyzed by the BaCl, technique. The total percent- 








ee 
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age of 8-17-ketosteroids may prove to be even higher when some method 


5. 
of hydrolysis other than the destructive HCl method is available for the | 6. 
non-BaCl.-hydrolyzable fraction of the urinary 17-ketosteroids. 7. 
The determination of the 3-6-hydroxy 17-ketosteroids has been found to * 
be of some differential diagnostic value in distinguishing cases of adrenal] 
cortical hyperplasia from cases of adrenal cortical carcinoma. Talbot and 9. 
his coworkers (17) and Friedgood (8) have correlated various levels of 3-8- 10. 
ketosteroids with these two syndromes. ‘The latter investigator reports 6- Il, 
steroids of patients with adrenal cortical hyperplasia of less than 25 per = 
cent of the total excretion and excretions of 30 to 70 per cent of the total 13. 
as 8 for patients with adrenal cortical carcinoma. Kepler and Mason (10), | 144, 
however, have found that the 6 fraction of patients with adrenal cortical 15. 
carcinoma is not always elevated. ‘Two cases out of six reported could not | 
be distinguished from hyperplasia | by this criterion. The destructive ac- | = 
tion of HCl reported here must be considered in this diagnostic relation, 17. 
since low 8 values may be obtained with this hydrolysis. It seems prob- 
able, therefore, that there is even a greater excretion of 8 compoundsin | 38. 
adrenal cortical hyperplasia and carcinoma than has been heretofore re- s 


ported. A possible explanation of the lack of uniformity with regard to the 
8 fraction may lie in varying degrees of destruction in individual urine 
specimens. 


SUMMARY 


1. A comparison of the effectiveness of a BaCl. hydrolytic technique fo 
the conjugated 17-ketosteroids of normal male urine with that of HCl has 
been made. 

The BaCl, hydrolysis results in the lhberation of 20 to 40 per cent of 
the total conjugated 17-ketosteroids, of which approximately 50 per cent 
are of the 3-8-hydroxy configuration. 

The 3-8-hydroxy 17-ketosteroids thus constitute at least 11 to 16 per | 
cent of the total 17-ketosteroids of normal male urine as indicated by em- 
ployment of the BaCl. hydrolysis, as compared to about 4.5 per cent fol- 
_— HCl hydrolysis. 

The difference in 8 fractions following BaCl, and HCl — has 
se shown to be due to the destructive action of HC] on 3-8-hydroxy 
17-ketosteroids. 


BIBLIOGRAPHY 


1. Baumann, E. J., and Metzger, N., Endocrinology, 27, 664 (1940). 

2. Butenandt, A., and Grosse, W., Ber. chem. Ges., 69, 2776 (1936). 

3. Callow, N. H., Callow, R. K., Emmens, C. W., and Stroud, S. W., J. Hndocrinot., 
1, 76 (1939). 

4. Crooke, A. C., and Callow, R. K., Quart. J. Med., 8, 233 (1939). 





dd 


to 
al 
nd 


TZ 
7 


per 
tal 


cal 


not 


a mS or 


os) 


13. 
14. 
15. 


16. 


J. BITMAN AND S. L. COHEN 461 


. Dingemanse, E., Borchardt, H., and Laqueur, E., Biochem. J.,31, 500 (1937). 
. Dingemanse, E., and Laqueur, E., Biochem. J., 32, 651 (1938). 

. Frame, E.G., Endocrinology, 34, 175 (1944). 

. Friedgood, H. B., in Moulton, I’. R., The chemistry 


ind physiology of hormones, 
American Association for the Advancement of Science monograph, Lancaster, 


195 (1944). 


. Holtorff, A. F., and Koch, F. C., J. Biol. Chem., 135, 377 (1940 
10. 
11. 


12. 


Kepler, E.J., and Mason, H. L., J. Clin. Endocrinol., 7, 543 (1947). 
Langstroth, G. O., Talbot, N. B., and Fineman, A.,./. Biol. Chem., 180, 585 (1939). 


Lieberman, 8., Dobriner, K., Hill, B. R., Fieser, L. F 
Chem., 172, 263 (1948). 

Peterson, D. H., Gallagher, T. F., and Koch, F. C., J. Biol. Chem.,119, 185 (1937). 

Pincus, G., and Pearlman, W. H., Endocrinology, 29, 413 (1940). 

Rhoads, C. P., Dobriner, K., Gordon, E., Fieser, L. F., and Lieberman, 8., Con- 
ference on ketosteroids, Josiah Macy, Jr., Foundation (1942). 

Talbot, N. B., Butler, A. M., MacLachlan, E. A., and Jones, R. H., /. Biol. Chem., 
136, 365 (1940). 


,and Rhoads, C. P., J. Biol. 


. Talbot, N. B., Butler, A. M., and MacLachlan, E. A., New England J. Med., 223, 


369 (1940). 


. Talbot, N. B., and Eitingon, 1. V., J. Biol. Chem., 154, 605 (1944). 
. Talbot, N. B., Ryan, J., and Wolfe, J. K.,./7. Biol. Chem., 148, 593 (1943). 
. Wolfe, J. K., Fieser, L. F., and Friedgood, H.B., J. Am. Chem. Soc., 63, 582 (1941). 








! 


| 


HEM] 
NO] 
ML 
ML 


By 


Gh 


| of the 


labelec 
beled 


| globin 


destru 


| for ne 
| in her 
| hemos 


blood 
analy: 
red ce 
If 7 
total 


In th 
culati 
rate ¢ 
This 

lating 
meth 
figure 
3-7) 


* T 
gatior 
grant 
m Gr 
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\ 


Glycine is known to be specifically utilized for the biologic synthesis 
of the protoporphyrin of hemoglobin (1). The administration of N®- 
labeled glycine results in the production of red blood cells containing la- 
beled heme. After its formation, the heme as a constituent of hemo- 
globin remains in the cell until the cell disintegrates. Following the 
destruction of the red blood cell, little of the heme, if any, is reutilized 
for new hemoglobin synthesis. By following the isotope concentration 
in hemin isolated from the red blood cells the length of time that labeled 
hemoglobin remains in the blood, and thus the survival time of the red 
blood cells containing the labeled hemoglobin, can be determined. An 
analysis of such data reveals not only the age distribution at death of the 
red cell population but also the average life span of the red blood cells (2). 

If n, circulating red cells die at age t, the average life span, 7, of the 
total circulating red cell population, N, will be given by 


~ Dnt 


r. = (1) 


In the normal subject it would appear that no significant number of cir- 
culating red cells die before they attain the age of 40 days. The death 
rate of the cells rises to a maximum value at approximately 120 days. 
This value of 120 days is close to the average life span, 7, of the circu- 
lating red blood cells. In the normal subject previously studied by this 
method the value for T was 127 days. This value corresponds well with 


tigures obtained for the human and the dog by other reliable techniques 
3-7). 


* This work was presented in part before the American Society for Clinical Investi- 
gation at Atlantic City, May, 1947, and May, 1948. The work was supported by a 
grant from the American Cancer Society on the recommendation of the Committee 

| Growth of the National Research Council. 
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The average life span, 7’, is related to the rate at which red blood cells 
are delivered to the circulation. This relationship is shown in Equation 2 


a a 
7 eee 


2 


= 7 \ 
in which M is the total mass of circulating red cell hemoglobin and » 
is the mass of red cell hemoglobin delivered to the circulation per day 
This relationship holds only when M is constant; 7.e., the rate of synthesis 
of red cell hemoglobin is equal to the rate of its destruction. 

This method of studying red cell dynamics has the unique advantage 
that it is possible to determine the rate of formation of hemoglobin and 
of red cells and their pattern of destruction in the same individual jp 
whom the red cells are made and destroyed without altering the usual 
state of the organism, whether norma! or abnormal. Since most dis. 
orders of red blood cells result from abnormalities in the synthesis of 
hemoglobin and red cells or from abnormal destruction of the cells, this 
method is particularly suited to the study of red blood cell dyscrasias, 
This report is concerned with studies performed in two normal subjects, 
male and female, and in subjects with pernicious anemia, sickle-cell anemia, 
and polycythemia vera. 


EXPERIMENTAL 


Labeled glycine was prepared from potassium phthalimide and chloro- 
acetic ester (8). Glycine labeled with N” was fed orally over a 48 hour 
period to each of the subjects. The glycine was fed hourly in equal doses 
except for triple doses at 12 midnight and 3 a.m., with no other doses 
between 12 midnight and 6 a.m. The normal male subject, the patient 
with pernicious anemia prior to treatment, and the patient with poly- 
cythemia vera each received 48 gm. of glycine containing 31.7 atom per 
cent, excess N®. The normal female subject received 41.2 gm. of glycine 
labeled with 30.8 atom per cent excess N“. The patient with pernicious 
anemia 14 months after the start of liver therapy received 36.2 gm. of 
31.7 per cent N® glycine. 

20 to 30 ml. of venous blood were drawn at frequent intervals during 
the course of the experiments and hemin was isolated by the usual pro- 
cedure (9). In the case of the subject with polycythemia vera, 30 to 
ml. samples were drawn. 

Plasma volume was determined with the blue dye T-1824 and the single 
10 minute point technique (10). 

Normal Subjects—A 23 year-old white male medical student and 8 
24 year-old white female medical student served as subjects. Both had 
normal hematologic findings and had had no serious illnesses in the past 


| 
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There was no history of blood dyscrasia in their families. During the 
course Of these experiments, both subjects remained in good health and 
there was no significant change in hematologic findings. 

Pernicious Anemia'\—This subject was a 51 year-old Negro male with 
4 19 months history of gradually progressive weakness and weight loss 
of 25 pounds. Physical and laboratory examinations on admission to 
the Presbyterian Hospital in November, 1946, revealed a macrocytic 
anemia and gastric achlorhydria. X-ray examination of the gastroin- 
testinal tract was negative. There was no jaundice 


) 
A 


Or aby evidence ot 
combined degeneration of the spinal cord. Hemoglobin, 8.8 gm. per cent 
(Sahli); red blood cells, 2.0 million per e.mm.; white blood cells, 4800 per 
emm.; neutrophils 54 per cent (0-0-54), eosinophils 2 per cent, lympho- 
cytes 38 per cent, monocytes 6 per cent; platelets 112,000; reticulocytes 
0.9 per cent; hematocrit 31 per cent; marked macrocytosis of red blood 
cells, mean cell diameter 10.2 yw, mean cell volume 155 cu.u, mean cell 
hemoglobin 46.5 pugm. (46.5 & 10°" gm.), mean cell hemoglobin con- 
entration 27 per cent. A sealed wet smear was negative for sickling 
after 24 hours. Analysis of gastric juice 30 and 45 minutes after the 
subcutaneous injection of 1.0 mg. of histamine phosphate revealed no 
free acid and only 3 units of combined acid. Serum bilirubin 0.8 mg. 
per cent (indirect 

Polycythemia Vera*—This subject was a 58 year-old white housewife 
with the characteristic physical and laboratory findings of polyeythemia 
vera. Physical and laboratory findings revealed no significant pulmonary 
or cardiac disease. Laboratory findings included a marked increase in 
hemoglobin and red blood cell counts, and a mild leucocytosis. 
globin 22.0 gm. per cent (Sahli); red blood cells, 7.2 million per ¢.mm., 
with normal differential count; platelets 240,000 per c.mm.; reticulocytes 


Hemo- 


2 per cent; hematocrit 75 per cent; plasma volume 2690 ml.; arterial 
hemoglobin oxygen saturation at rest 90 per cent; | minute after exercise 
92 per cent. 

Sickle-Cell Anemia*—A 26 year-old Negro male with a history of fre- 
quent joint pains since childhood, the development of leg ulcers after 
minor trauma, frequent recurrent episodes of scleral icterus, and several 
crises with abdominal pain or generalized aching. ‘The diagnosis of sickle- 
tell anemia was established on the basis of characteristic hematologic 
indings. On admission to the Presbyterian Hospital in July, 1947, for 
the purpose of this study, physical and laboratory findings revealed the 
following: hemoglobin 10.8 gm. per cent (Sahli); red blood cells 3.8 million 

'P. H. 848800. 

*P. H. 687458. 

*P. H. 848837. 








166 HEME SYNTHESIS AND RED CELL DYNAMICS 


per c.mm.; white blood cells 2400 per c.mm.; neutrophils 58 per cent 
(0-1-57), lymphocytes 33 per cent, monocytes 8 per cent, eosinophils | 
per cent; platelets 282,000 per c.mm.; reticulocytes 10.2 per cent; hema- 
tocrit 31 per cent; mean cell volume 82 cu.u, mean cell hemoglobin 28 
uugm., mean cell hemoglobin concentration 25 per cent. 100 per cent 
of the red blood cells were sickle-shaped after 24 hours in the sealed wet 
preparation. 
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Fic. 1. N*® concentration in hemin after feeding N-labeled glycine for 2 days. 
Co = 0.388; X = 0.15 day"!. The meaning of these symbols in the mathematical treat- 
ment of the data has been reported (2). 


RESULTS AND DISCUSSION 


Normal Subjects—In Figs. 1 and 2 the N® concentrations in hemin 
following the start of feeding labeled glycine to the two normal subjects 
are presented. These curves are similar to the one reported earlier (2). 
The isotope concentration in the hemin rises to a maximum value on 
about the 30th day; a decline along an S-shaped curve begins between 
approximately the 40th and 60th days. If, as previously (2), the fune- 
tion ¢(t) is defined as the probability that a red cell will survive in the 
circulation for a time greater than ¢, then —d¢(t)/di represents the chang- 
ing probability of survival of a cell population to age ¢ and consequently 
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mirrors the rate of destruction of these cells. In a stationary population 
—dg(t)/dt also represents the age distribution of the cells at death. In 
Figs. 1 and 2, Curves a represent the isotope concentration, C, in the 
hemin throughout the course of the experiment, Curves b give the values 
of —dC/dt, and Curves ¢ the values of —Co(d¢(t)/dt). Curves ¢ permit 
the evaluation of the average life span of the red cells, despite the fact 


‘that they have not all been made at one instant. 
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Fig. 2. N* concentration in hemin after feeding N*-labeled glycine for 2 days. 
Co = 0.46; X = 0.15 day. 





°o 


In the two normal subjects, Curves ¢ attain their maximum value at 
ll7 days (Fig. 1) and 120 days (Fig. 2). These values represent the 
time when the destruction of the labeled cells is most marked. Inasmuch 
as the curves are not symmetrical about their maximum ordinates, these 
values merely approximate the average life span of the red cells. It is 


possible, however, to determine the average red cell life span more pre- 
cisely, 
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From the definition of $(t) it is clear that —N(do(t)/dt)dt is the number 
of cells of age ¢ to ¢ + dt which die in the interval dt. This is equal to 
n; Substitution in Equation | yields 


_ xy do(t 
T = [ —t o dt (3) 
0 dt ‘e 


Graphical evaluation of this integral yields values for the average life 
span of the red cells of 120 and 109 days for the normal male and female 
subjects, respectively. These values correspond closely to the value of 
127 days obtained by this method (2) and to values obtained by the modi- 
fied Ashby (4, 5) technique in humans. 

It is clear that, in the normal human, the red blood cells are destroyed 
as a function of their age. Despite the rather wide range of red cell sur- 
vival times (see Curves c, Figs. 1 and 2), the time span which encom 
passes the ages at death of half (the second and third quarters) of the 
cell population is relatively short. In the male subject this time span 
is 35 days (106 to 141 days), in the female 32 days (91 to 123 days). 

The value of approximately 120 days corresponds to the production 
and destruction of approximately 0.83 per cent of the red cells per day. 
The absolute rate, in gm. per day, of production of circulating red cell 
hemoglobin can be calculated from Equation 2. The total mass of cir- 
culating red cell hemoglobin may be calculated from the values for the 
whole blood volume and the hemoglobin concentration in the blood. The 
determination of the whole blood volume may be performed by a variety 
of techniques, of which the use of T-1824 and the use of radioiron-tagged 
red cells have been most prominent. There is fairly general agreement 
(11) that the normal human adult male has a plasma volume of approxi 
mately 45 ml. per kilo of body weight, the female about 48 ml. per kilo 
of body weight. There is much less agreement concerning the total red 
cell volume. Gibson et al. (12) claim that the true red cell volume as 
determined by radioiron-tagged cells is about 15 per cent lower than that 
determined by T-1824. Values for the red cell volume which are con- 
sistent with most of the studies, in which T-1824 or cells tagged with 
radioiron or radiophosphorus have been used, are about 30 ml. per kilo 
of body weight for the normal man and about 25 ml. per kilo of body 
weight for the normal woman (11, 13). The hemoglobin concentration 
in the peripheral blood is, on the average, 16 and 14 gm. per 100 ml. of 
whole blood for the normal man and normal woman, respectively (14). 
Accordingly, there are about 12 and 9.5 gm. of circulating red cell hemo- 
globin per kilo of body weight in the normal male and female, respectively. 
With an average red cell life span of 120 and 109 days in our two normal 
subjects, one can calculate from Equation 2 that the rate of production 
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of circulating red cell hemoglobin in normal man is about 0.10 gm. of 
hemoglobin per kilo of body weight per day, and in the normal woman 
about 0.087 gm. of hemoglobin per kilo of body weight per day. With 
a mean corpuscular hemoglobin value of 29 wugm. (2.9 & 10-" gm.) (14) 
these rates of hemoglobin production are equivalent to the production of 
3.45 X 10° red blood cells per kilo of body weight per day for normal man 
and 3.00 X 10° red blood cells per kilo of body weight per day for the nor- 
mal female. ‘These values will serve as a basis for comparison of the rates 
of production of red cells and hemoglobin in the patients with polycythe- 
mia vera, sickle-cell anemia, and pernicious anemia. 

Polycythemia Vera—F ig. 3 describes the isotope concentration in hemin, 
the hemoglobin concentration, and red blood cell counts, and indicates 
when phlebotomies were performed during the course of the experiment. 
The withdrawal of large amounts of blood produced a lowering of red 
blood cell and hemoglobin values. The shape of the N® concentration 
curve in hemin, however, was not affected by the phlebotomies, because 
the blood withdrawn was a representative sample of the blood in circu- 
lation at the time, and the phlebotomies produced no significant change 
in the generative activity of red blood cells as indicated by reticulocyte 
counts, which never rose above 3 per cent. 

The shape of the curve of N® concentration in hemin is nearly identical 
with that of the normal curves. The red blood cells are destroyed, as 
in the normal, as a function of their age, and their average life span cal- 
culated in the manner previously described is 131 days. This value of 
T is close to those values found in normal subjects and is probably within 
the normal limits. The time span which encompasses the ages at death 
of half (the second and third quarters) of the cell population is 34 days 
(116 to 150 days). As can be seen from Equation 2, a normal life span 
with an abnormally large circulating red cell hemoglobin mass, M, must 
be associated with an elevated rate of hemoglobin synthesis, m. The 
plasma volume for this subject at the start of the experiment was 2690 
ml. With a venous hematocrit of 75 per cent, the red cell volume would 
be 7740 ml. But on applying a correction of about 15 per cent (12), the 
ted cell volume is 6580 ml. The total blood volume, then, is 9270 ml. 
With a hemoglobin concentration of 22 gm. per 100 ml. of whole blood, 
the total circulating red cell hemoglobin is 2039 gm., or 29.5 gm. of hemo- 
globin per kilo of body weight (the subject weighed 69 kilos). Since the 
average life span of the red cells in this subject is 131 days, the rate of 
hemoglobin production is 0.225 gm. per kilo of body weight per day. 
With a mean corpuscular hemoglobin content of 3.0 X 10-" gm., the 
tate of red cell production is 7.50 X 10° red cells per kilo of body weight 
per day. These rates of hemoglobin and red cell production are about 
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POLYCYTHEMIA VERA 
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9} times the rate in the normal female. It is to be noted that these values 
are based on the period during which the labeled red cells were produced 
and, therefore, are not significantly affected by the therapeutic phlebot- 
omies which, for the most part, were carried out later. The blood with- 
drawn for hemin N*® analyses during the period when the great bulk of 
labeled cells was formed constitutes a small fraction of the total blood 
volume and does not affect the general conclusion. 

Polycythemia vera, as exemplified by this patient, is characterized by 
an abnormally high rate of hematopoiesis and a normal red cell life span. 

These data throw light on the mechanism of the development of poly- 
evthemia vera. Theoretically, two factors, singly or in combination, 
might produce the marked increase in the total red cell mass which is 
characteristic of this disease. These are (1) an increased rate of hemo- 
gobin and red blood cell synthesis and (2) prolonged life of the red blood 
ells. In the normal individual in the steady state, the rate of hemo- 
globin synthesis equals the rate of hemoglobin degradation, and the aver- 
age life span of the erythrocyte is the reciprocal of the fraction of the 
total circulating red cell mass which is synthesized and degraded daily. 
Thus in the normal individual 0.83 per cent of the total red cell mass is 
synthesized and degraded daily, and the average life span of the erythro- 
cytes is the reciprocal of 0.0083, or 120 days. The total red cell mass 
wil increase whenever the rate of red cell synthesis is faster than the rate 
of degradation and will continue to increase until the degradative rate 
again equals the synthetic rate. A new steady state will then ensue. 
The finding of a normal red cell life span in this subject at a fully developed 
stage of the disease is conclusive proof for the existence of a functional 
hyperactivity of the blood-forming apparatus in the maintenance of the 
plycythemic state. It seems probable that the development of the 
polycythemia earlier in the disease is similarly characterized by an in- 
crease in hematopoietic activity with the maintenance of a normal erythro- 
tyte life span. The existence of hematopoietic hyperactivity, at least in 
the maintenance of the polycythemic state, is consistent with the usual 
findings in polycythemia vera of hyperplasia of all bone marrow elements 
and evidence in the peripheral blood of increased bone marrow activity 
(polychromatophilia and basophilic stippling of erythrocytes, and leuco- 
tytosis with an increase in immature cells.of the myeloid series). The 
findamental cause of this functional hyperactivity, however, remains 
unknown. 

A variety of etiologic theories has been proposed, but conclusive evi- 
dence in support of any of them is lacking. These theories have been 
teviewed by Harrop and Wintrobe (15). One of the theories is that of 
Minot and Buckman (16) who regard polycythemia vera as a form of 
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neoplasm. The persistent bone marrow hyperplasia involving all marrow Th 
elements, the development of leucemia in some cases of erythremia, and } 7th ¢ 
the development of erythremia in some cases of leucemia suggest that | diate 
this is a neoplastic process. If polycythemia vera is indeed a benign neo. | hemi 
plasm, then at least this neoplastic process is associated with an increase, | U ver 
above normal, of the synthetic activity of the hematopoietic system. lheoi 


The maintenance of the polycythemic state in the presence of a normal | value 
erythrocyte life span requires that the amount of hemoglobin degraded, } 
as well as the amount of hemoglobin synthesized, be increased. Hoy- 
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are critically discussed by Watson (17), have revealed fecal urobilinogen } 
values that are much lower than would be anticipated on the basis of the | ggch 
increased amounts of hemoglobin that are degraded. This discrepancy | jgtop 
raises questions concerning the fate of the pigment that are pertinent 0 | ger, 
hemoglobin metabolism in general and warrant further investigation. value 

Sickle-Cell Anemia—The curve of N™® concentration in hemin during | have 
the course of the experiment is shown in Fig. 4. During the period |} the Io 
the study, the patient suffered no “crises” and the red blood cell, hemo | day ¢ 
globin, and hematocrit values remained essentially the same as at the 
start of the experiment. 
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os The isotope concentration in the hemin rose rapidly to a peak on the 
ind | 7th day following the start of the feeding of isotopic glycine and imme- 
hat | diately began to fall. A direct plot of the isotope concentration in the 
ep. | hemin, C, after the 7th day in a semilogarithmic coordinate system (log 


ase, | ( versus time) gives a straight line through the major portion of the curve. 
(heory suggests that a small quantity, A, should be subtracted from each 
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the 22nd to the 120th day; Curve 6 describes the N® concentrations in hemin 

prior to the 22nd day; Curve c represents a plot of the deviation of Curve b from 

the extrapolation (dotted line) of Curve a. The ordinate values of Curve ¢ are one 

which tenth the plotted values. 

nogen } 


of the 


lays 


each instant, approaching not zero but a finite value representing the 


panty | \otope concentration of the subject. A isnot independent of time. How- 
ent © | ever, it varies but slowly with time, approaching zero as a limit. Its 
nD. value during the course of the last hundred days of this experiment must 
during have been about 0.020 atom per cent excess. We have, therefore, plotted 
‘iod Of | the logarithm of (C — 0.020) against time (see Fig. 5). After the 30th 
me day the data fit a straight line whose equation is 

A U 


C = 1.02e~° 23% + (0.020 (4) 
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If we assume that the bulk of the N™-labeled red cells has been formed 
in a short time interval, then to a first approximation ¢ is given by 

hb = e~ 0.0238 (5) 
The average time the red cells spend in the circulation, 7, is given by 
Equation 3. Differentiating Equation 5 and substituting in Equation 3 
give 


peo 


7p = | — 0.0238te-0-0288 di (6) 
0 
On integration, 
F @70-0238¢ o 
T =| —- —(l 0.0238¢ 7 
0.0238 + | . 
Therefore 
= 1 
T = = 
0.0238 42 days 


Since ¢(t) is by definition the fraction of a stationary population of 
cells which are born at a particular moment and will survive to age t, 
— (d¢(t)/dt) is the fraction of the population which will die in the interval 
t tot + dt and —(1/¢)(do(t)/dt) or —(d In ¢(t)/dt) is the death rate of 
the population of age t. In this case, when ¢(t) = e-°-°', the death 
rate is independent of age for —(dIn¢(t)/dt) = 0.0238. This means that 
heme is removed from the circulation at a rate which is independent of the 
age of the heme at the time of its degradation. Such a curve reflects the 
random occurrence of a single event or of a complex of events which leads 
to the death of the cell once the initial event has occurred. 

This curve could result from (1) a random destruction of the red blood 
cells and a consequent loss of labeled heme from the circulating blood; 
or (2) a random degradation and synthesis of heme in circulating red 
blood cells which are morphologically intact; or (3) random synthesis and 
degradation of heme in red blood cells which are themselves undergoing 
random destruction. In the light of our findings in normal subjects which 
demonstrate that hemoglobin in circulating red blood cells is not in the 
dynamic state, the second, and, consequently, the third of these possi- 
bilities would appear most unlikely. Recent studies (18), however, make 
it difficult to rule out completely the possibility that some synthesis of 
heme in the circulating red cells of patients with sickle-cell anemia may 
occur. 

When the whole blood of patients with sickle-cell anemia was incu- 
bated with N™-labeled glycine, the hemin isolated from the red cells was 
found to contain significant concentrations of N*® (18). This indicated 
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that heme was synthesized from glycine in vitro. Similar significant con- 
centrations were not obtained with the blood of normal subjects or of 
patients with sickle-cell trait. The synthesis of heme in vitro in the blood 
of patients with sickle-cell anemia occurs at the rate of 0.1 to 0.2 per cent 
of the red cell heme in 24 hours. If all the hemoglobin in the circulating 
red blood cells of sickle-cell anemia subjects were synthesized in the pe- 
ripheral blood at the same rate as in the in vitro experiments, the average 
survival time of the labeled hemoglobin in the circulation would be of 
the order of 500 to 1000 days. Actually the average survival time, as 
determined in our subject, is about 40 days. 

The major part of the disappearance of heme described in Fig. 4 must 
be due to a random destruction of cells in sickle-cell anemia. Studies 
with the Ashby technique (19) are in accord with this view. Any random 
synthesis of heme that may occur in the peripheral blood of these pa- 
tients can play only a minor part in the hemoglobin turnover in this 
disease. 

Since the red cells of sickle-cell anemia are destroyed in an indiscrim- 
inate fashion rather than as a function of their age, their survival is better 
designated in terms of their half life time ¢;. The half life time of these 
cells in the circulation is given by the expression 


= TX I1n2 (8) 


is therefore equal to 29 days. 

It is to be noted that the curve representing Equation 5 consistently 
lies below the experimental points from the 6th to the 22nd day. A priori 
the contrary would be expected, since during this period some labeled heme 
is being delivered to the circulation and would tend to result in low values 
of (d In C/dt) rather than high ones. When the logarithms of the devia- 
tions of the observed data (Curve b) from the extrapolation of the major 
portion (Curve a) of the data are plotted against time, Curve c, Fig. 5, 
is obtained. ¢, for this curve is approximately 7 days. This suggests 
the possibility that there may exist a small fraction of the total red cell 
population which has a é; of approximately 7 days. This value of &; is a 
maximum value, since, as we have indicated above, the accession to the 
circulation of newly formed red blood cells containing N™ would tend 
to lower the rate of fall of the N® concentration of the total circulating 
heme during this period. Further studies in patients with sickle-cell 
anemia and analysis of N“ concentrations in the bile pigment excreted 
during the course of the experiment may throw light on this problem. 

With measurements of the total red cell mass and the mean survival 
time of the red cells, it is possible to calculate the rate of red blood cell 
aid hemoglobin production in this patient. For the mean survival time 
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we shall employ the value of 42 days, which is representative of the great 
majority of the red cells in circulation. 

The plasma volume as determined by T-1824 was reported to be 5000 
ml. With a venous hematocrit of 31 per cent, the red cell volume would 
be 2160 ml. The 15 per cent correction yields a red cell volume of 1836 
ml. With a total blood volume of 6836 ml. and a hemoglobin concentra- 
tion in the blood of 10.8 gm. per 100 ml. of whole blood, the total cireulat- 
ing red cell hemoglobin is 738 gm., or 11.71 gm. of hemoglobin per kilo 
of body weight (weight of subject, 63 kilos). Since the mean survival 
time of the red cells is 42 days, the rate of hemoglobin production is 0.279 
gm. of hemoglobin per kilo of body weight per day. With a mean cor- 
puscular hemoglobin value of 2.8 X 10-" gm., the rate of red cell produe- 
tion is 9.96 X 10° red blood cclls per kilo of body weight per day. These 
rates of hemoglobin and red cell production are about 2.8 times the rate 
in normal man. Since the hemoglobin and red blood cell counts remained 
at the same level during the course of the study, it is safe to assume that 
the patient was also destroying red blood cells at a rate 2.8 times the nor- 
mal. If there is a fraction of the total red cell population which has a 
half life time of about 7 days, then this rate of production and destruc- 
tion, 2.8 times the normal, is minimal. The very rapid formation of 
erythrocytes is consistent with the markedly hyperplastic bone marrow 
and the reticulocytosis in the peripheral blood characteristic of this dis- 
ease. Similarly, a rapid rate of destruction is consistent with the hyper- 
bilirubinemia and increased fecal urobilinogen excretion. 

These findings indicate that there is no deficiency in the ability of the 
hematopoietic organs to make adequate numbers of red blood cells and 
adequate amounts of hemoglobin. It is clear, however, that the red 
blood cells are defective in their capacity to survive for a normal erythro- 
cyte life span. That the defect is intrinsic to the cell and not ascribable 
to any factor in the plasma was shown by Huck (20) and more recently 
by the use of the Ashby technique (19, 21, 22). The nature of the defect 
in the cell is still unknown. It would appear to be a defect in the struc- 
ture of the red cell membrane. This defect may be associated with the 
sickling process but cannot be ascribed to this phenomenon alone, inas- 
much as the erythrocytes of individuals with sickle-cell trait are not ab- 
normally susceptible to destruction (22). 

Pernicious Anemia—At the start of the experiment, this patient had 
never received any form of therapy for pernicious anemia. The isotope 
concentrations in hemin, and the hemoglobin, red cell, and reticulocyte 
values are shown in Fig. 6. The isotope concentration in the hemin rose 
rapidly and was approaching its maximum value on the 15th day. It 
was considered unwise to withhold treatment longer, and liver extract in 
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large doses was administered intramuscularly. ‘Che dosage of liver ex- 
tract is shown in Tig. 6. The reticulocyte count rose to a peak of 12.8 
per cent on the 7th day after the start of therapy, and there was a satis- 
factory rise in hemoglobin and red cell values. After the start of liver 
therapy, a fall in the isotope concentration in the hemin occurred. This 
fall was expected, because the influx of large numbers of new cells formed 
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asubject with pernicious anemia. 


when the isotope concentration in the glycine had fallen to a low value 
should result in the dilution of the average isotope concentration in the 
hemin of circulating red blood cells. The curve continues to decline, 
however, when the hemoglobin and red blood cell values have approached 
uormal levels, and a mere dilution effect should be minimal. To dif- 
lerentiate between the effect of the dilution and the actual destruction of 
the labeled red cells, we have calculated total heme N™ in circulation 
during the course of the experiment. Gibson (23) has shown that the 
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hemoglobin concentration in the peripheral blood is a good index of the 
total hemoglobin in circulation before and after the start of liver therapy 
in pernicious anemia. By multiplying the hemoglobin concentrations jn 
the peripheral blood by the isotope concentrations in the hemin during 
the course of the experiment, a curve representing the changes in the total 
amount of N’* in the heme of circulating red blood cells is obtained (Fig. 7), 

As in Fig. 6, the curve rises rapidly and is approaching its maximum 
value on the 15th day. With the administration of liver extract there is q 
further rise in the total heme N’. This additional rise is due to the in- 
flux of many new cells. Although the isotope concentration in the heme 
of these newly formed cells is relatively low, the large number of these 
cells newly added to the circulation represents a considerable increment in 
the total heme N®. Within 2 weeks after the start of liver therapy the 
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peak of the total heme N® curve is reached. If the cells of untreated 
pernicious anemia enjoyed a normal life span, the curve would have main- 
tained a plateau until about the 40th to 60th day and would then have 
begun to decline. The curve declines, however, in linear fashion almost 
immediately after reaching its peak. The linear decline indicates that 
many but not all of the cells are being destroyed in indiscriminate fashion. 
If all the cells were destroyed in an indiscriminate manner, the decline of 
the curve would have been exponential in character. The linear decline 
suggests that the cell population is mixed, with many of the cells destroyed 
indiscriminately and others as a function of their age. 

The average survival time of the cells of this mixed population (cells 
formed prior to and after the start of liver therapy) can be estimated 
from the declining portion of the curve. Approximately three-fourths of 
the labeled heme was formed prior to the start of liver therapy. It is 
reasonable to assume that the survival of the cells containing this portion 
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of the labeled heme is not influenced by liver therapy administered after 
formation and release of these cells into the circulation. The decline in 
the total hemin N" (Fig. 7) must therefore reflect the disappearance of 
these labeled cells from the circulation. The time required for the total 
heme N* to decline from any given value on the declining portion of the 
curve to one-half that value is about 90 days. This is the half life time 
for the disappearance of the labeled heme and consequently of the cells 
containing the labeled heme. As the declining curve is for the most part 
linear, the half life time and average survival time are equal. 

Inasmuch as therapy supervened during the course of the experiment, 
this value represents the average survival time of the mixed red cell popu- 
lation; t.e., cells formed prior to and after the start of liver therapy. An 
approximate value for the average survival time of the cells formed before 
the start of treatment can be obtained. 

Fig. 7 represents the sum of the hemin N*® of the cells formed before 
and after the start of liver therapy. It is reasonable to assume that the 
average survival time of the cells formed after the start of liver therapy 
is at least as long as the survival time of the cells formed prior to liver 
therapy. If the survival times of these two groups of cells are equal, the 
untreated cells will have an average survival time of approximately 90 
days; t.e., the same as the survival time of the mixed population. This 
value represents an upper limiting value for the average survival time of 
the untreated cells. To establish a lower limiting value, let us assume 
that the cells formed after the start of treatment have an infinite life span. 
Inasmuch as these cells contain heme N” representing approximately one- 
fifth of the total heme N", were they to have an infinite life span they 
would account for a lengthening of the mean survival time of the mixed 
population of about 20 per cent. The survival time of the cells formed 
prior to treatment would then be approximately 72 days; 7.e., about 20 
per cent less than that of the mixed population. This represents the 
lower limiting value. In the fully treated subject with pernicious anemia 
the average life span of the cells is normal (see below). Following the 
start of treatment, however, there is most likely an interval prior to the 
formation of thoroughly normal cells during which cells of varying ab- 
normality are produced. Accordingly, a value closer to the upper limiting 
value than to the lower will closely approximate the real value for the mean 
survival of cells of the untreated state. For purposes of further calcula- 
tion we may choose a value of 85 days. In two cases of untreated per- 
hicious anemia studied by means of the Ashby technique, Loutit (24) 
found that the red cells survived for 20 and 60 days. Such variations, 
however, are to be expected, for the severity of the disease and the cor- 
responding abnormalities of the red cells vary widely among patients. 
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The rate at which newly formed red blood cells and hemoglobin were 
released into the circulation prior to liver therapy can be calculated by 
Equation 2. Before the start of treatment with liver extract, the hemo- 
globin concentration in the peripheral blood was 8.8 gm. per 100 ml. of 
whole blood, 55 per cent of the average value for the normal adult male. 
Inasmuch as the hemoglobin concentration in the peripheral blood pro- 
vides an index of total circulating red cell hemoglobin (23), one may estimate 
that this patient had approximately 6.6 gm. of hemoglobin per kilo of body 
weight (55 per cent of 12.0 gm. of hemoglobin per kilo). The rate of 
hemoglobin production, based on a mean red cell survival time of 85 days, 
is 0.0786 gm. of hemoglobin per kilo of body weight per day. This value 
is 78 per cent of the normal rate. With a mean corpuscular hemoglobin 
content of 4.65 &K 10-" gm., the rate at which red cells are released into 
the circulation is 1.67 X 10° cells per kilo of body weight per day. This 
is only 48 per cent of the normal rate. 

The findings of a diminished production of red blood cells capable of 
reaching the peripheral blood and of a diminished average survival of the 
red cells in circulation are consistent with the view that the red blood cell 
of untreated pernicious anemia is intrinsically defective. The absence of 
an abnormal hemolytic factor in the plasma is suggested by early studies 
with the Ashby technique (25, 26), and is demonstrated by recent studies 
with the improved technique in which normal cells transfused to recipients 
with pernicious anemia enjoyed normal survival (4, 24). 

The production of circulating red cell hemoglobin is somewhat dimin- 
ished. It remains to be determined, however, whether this represents a 
diminished capacity to synthesize normal hemoglobin or whether it is 
merely a reflection of the fate of the abnormal red blood cell. But evena 
normal rate of circulating red cell hemoglobin production and destruction 
falls far short of providing an adequate explanation for the very large 
amounts of bile pigment produced in this disease. This discrepancy is 
explained by the finding in this patient that a very large portion of the 
stercobilin in the feces apparently was derived from a source other than 
the hemoglobin of circulating red blood cells (27). These studies, to be 
reported later, suggest that this portion of bile pigment is derived from 
one or more of the following sources: (1) hemoglobin of red blood cells 
which are destroyed shortly after reaching the peripheral blood or which 
never reach it and are destroyed in the bone marrow; or (2), porphyrins 
which are not utilized for hemoglobin production; or (3), direct synthesis 
of bile pigment via a pathway which does not involve degradation of a 
porphyrin ring. 

After treatment with concentrated liver extract for 1 year, the patient 
was studied again to determine the effects of the treatment on hemoglobin 
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metabolism and red blood cell dynamics. Despite the treatment with 
concentrated liver extract in a dosage which averaged slightly more than 
15 units per week over the 12 months period, a very slight increase in 
mean cell size persisted: hemoglobin 15.0 gm. per 100 ml.; red blood cells, 
$.7 million per c.mm.; hematocrit 46 per cent; mean corpuscular volume 
98 cu.u; mean corpuscular hemoglobin 33 pugm.; mean corpuscular hemo- 
globin concentration 33 per cent. To determine whether increased dosage 
and a cruder extract would reduce the mean cell size, 30 units of concen- 
trated liver extract per week and 60 ml. of Valentine’s oral liver extract 
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daily were administered. After 10 weeks of this schedule, the hematologic 
picture remained essentially unchanged. Examination of the bone mar- 
row revealed no abnormality. To repeat the study, 36.2 gm. of glycine 
labeled with 31.7 atom per cent excess N™ were administered over a 48 
hour period. ‘The results of this study are plotted in Fig. 8. 

The shape of the curve of isotope concentration in the hemin and the 
death rate curve, (d¢(t) /dt), are normal. The red blood cells are destroyed 
as a function of their age and not in indiscriminate fashion. Half of the 
ted cells (the second and third quarters) die within a 33 day period, 116 
to 149 days. The average life span is 129 days, a value very close to the 
values in the two normal male subjects. 
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ments in the normal subjects and in the subjects with pernicious anemia 
(prior to treatment), sickle-cell anemia, and polycythemia vera are shown 
in Fig. 9. It is noteworthy that red blood cells containing labeled hemo- 
globin appear in the peripheral blood within several hours after the start 
of feeding labeled glycine. These findings indicate a rapid utilization and 
conversion of dietary glycine to protoporphyrin. In addition, they sug- 
gest that the human red cell is released into the circulation at a time which 
approximates the completion of hemoglobin deposition in the cell. If 
the red cell is mature and not reticulated, hemoglobin deposition is prob- 
ably completed shortly before the cell enters the circulation. The absence 
of significant synthesis in vitro of heme by normal human blood supports 
this view (18). If, however, the red cell entering the circulation is reticu- 
lated, the process of hemoglobinization may not yet be completed and 
further hemoglobin synthesis may occur. This hypothesis is supported by 
the finding that normal mammalian (rabbit) reticulocytes can synthesize 
heme in vitro. The absence of significant heme synthesis zn vitro in blood 
from some patients with elevated reticulocyte counts (18) suggests that 
reticulocytes, although morphologically similar, may differ in their func- 
tional capacity to synthesize heme. 


SUMMARY 


1. The average life span of the circulating red blood cell in a normal 
human adult male has been found to be 120 days, in a normal human adult 
female 109 days. 

2. A subject with polycythemia vera was shown to have a normal red 
cell life span of 131 days and a normal pattern of red cell destruction, but 
arate of red cell and hemoglobin production about 2} times the normal. 
The mechanism of the development of polycythemia vera is discussed in 
the light of these findings. 

3. In sickle-cell anemia the red blood cells were shown to be destroyed 
indiscriminately rather than as a function of their age. Their mean 
survival time in the subject studied was 42 days, their half life time 29 
days. The rates of hemoglobin and red cell formation and destruction 
were about 2.8 times the rates in normal man. 

4. Study of a subject with untreated pernicious anemia disclosed an 
abnormal pattern of red cell destruction and a mean survival time of 
approximately 85 days. The rate of production of circulating red cell 
hemoglobin was found to be about four-fifths the normal, the rate of 
production of circulating red cells about half the normal rate. Treat- 
ment with liver extract resulted in restoration of the pattern of red cell 
destruction to normal and in a normal red cell life span of 129 days. 


‘London, I. M., Shemin, D., and Rittenberg, D., unpublished data. 
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5. The utilization of dietary glycine for the synthesis of the protopor. 
phyrin of hemoglobin is very rapid, and cells containing labeled hemoglobin 
are released into the circulation within several hours after the start oj 
feeding labeled glycine. The time relationships between hemoglobin de. 
position in the red cell and release of the red cell into the circulation are 
discussed. 


We are indebted to Dr. Joan Morgenthau, Dr. Lillian Strange, and Dr 
Gilbert Gordon for their cooperation, to Miss Martha Yamasaki for her 
assistance, to Mr. I. Sucher for the isotope analyses, to Miss Florence 
Schorske for the plasma volume determinations, and to Mrs. Catherine 
Holavko and Miss Gloria Sabella for hematologic technical assistance. 
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LETTERS TO THE EDITORS 





INABILITY OF VITAMIN By» TO REPLACE THE 
DESOXYRIBOSIDE REQUIREMENT OF A 
LACTOBACILLUS BIFIDUS 


Sirs: 


Astrain of Lactobacillus bifidus' isolated from a stool of a breast-fed infant 
could be grown on a chemically defined medium, provided the casein supple- 
ment were an enzymatic digest and not an acid hydrolysate. The activity 


Supplement No. 0.02 x —_ minus 
cc. 

(1) Blank.. acd bath AG EL Ee oe ON sf (£52) 
(2) 50 y desoxyribonucleie acid.......... Rea ors ‘a acheter 11.3 
I i cs Li ee eerie sa eeendes 3.1 
5 ** thymine desoxyribosidel ....b...6ei ce. oo aces cetewanen 9.7 
oe 1° i, uM Pre Melee ee etd Oe er 5.0 
(6) 5 ‘* guanine eS | ns, Oe eee 6.5 
4 ES es A CPE Tee ET er eT | 3.2 
Te ee 0.0 
Mra ENe Or Ohi WANG is «edo ais aw ee Red weiss, 01a (ane 0.0 
(10) 10 mg. ascorbic acid (non-autoclaved).......... oe el 0.0 
ee mae SOUNDS BONIS sik ae tlew ea dbives dave nad dan Cale 0.0 
SR CREO J ob <li ix a das des odie Ra ali elites wa de nrhdcaedan 3.0 
(13) 


50 y pancreatin, VioBin............. ee A ee eT 11.5 





*16 hours anaerobic incubation at 37° in 2 cc. of a medium similar to that of 
Roberts and Snell (J. Biol. Chem., 163, 499 (1946)) with acid hydrolysate of casein 
substituted for tryptic digest and fortified with 0.1 per cent Tween 80 and 3.5 per 
cent lactose. 


t We are indebted to Dr. W. Shive for the thymidine, to Dr. S. Cohen for the 
guanine desoxyriboside, and to the Merck Laboratories for the vitamin B. 


of the digest appears to have been introduced with the enzyme preparation, 
since a commercial pancreatin, when tested as the supplement to the basal 
medium containing acid hydrolysate of casein, exhibited high activity. Of 
anumber of compounds tested, desoxyribonucleic acid, thymine desoxyribo- 
side, and guanine desoxyriboside proved active, in accordance with the re- 


'On primary isolation this strain exhibited the bifid characteristic but on re- 
peated subculture converted to a rod-like morphology. 
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cent report? that the thymidine growth effect is not specific but dependent 
on the desoxyriboside structure. In contrast to the behavior of other 
strains of Lactobacilli,’ crystalline vitamin By. even at high levels could not 
replace the desoxyribosides for the growth of this strain of L. bifidus. Ribo- 
nucleic acid, thymine, and ascorbic acid, alone and in combination with 
vitamin By, were also inactive. No inhibition of desoxyribonucleie aeid 
was observed when ribonucleic acid was added at a 5 times greater concen- 
tration. It has been postulated that vitamin B,. functions in the synthesis 
of the desoxyriboside component of nucleic acid.?»* For our strain of L. 
bifidus, vitamin By; is not the limiting factor. The high potency of pancrea- 
tin, equivalent to that of desoxyribonucleic acid, suggests that the crude 
enzyme preparation contains a factor or factors much more active than the 
nucleosides. It is not crystalline vitamin By. but may be one of the other 
six entities' demonstrated in samples possessing vitamin B,: or animal pro- 
tein factor activity. 


Nutritional Service of the Depart- Rupoupw M. Tomare.u 
ment of Pediatrics and Gastro- R. F. Norris 
intestinal Section of the Depart- Paut Groérey 


ment of Medicine and the 





William Pepper Laboratory of 
Clinical Medicine 

Hospital of the University of 
Pennsylvania 

Philadelphia 
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? Kitay, E., McNutt, W.S., and Snell, E. E., J. Biol. Chem., 177, 993 (1949). 
*Shive, W., Ravel, J. M., and Eakin, R. E., J. Am. Chem. Soc., 70, 2614 (1948). 

Wright, L. D., Skeggs, H. R., and Huff, J. W., J. Biol. Chem., 175, 475 (1948). Hoff- 

mann, C. E., Stokstad, E. L. R., Franklin, A. L., and Jukes, T. H., J. Biol. Chem., 

176, 1465 (1948). 

‘Winsten, W. A., and Eigen, E., J. Biol. Chem., 177, 989 (1949). 
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EFFECT OF THE ANIMAL PROTEIN FACTOR ON THE 
REQUIREMENT FOR METHYLATING COMPOUNDS* 


Sirs: 
The choline requirement of chicks fed a purified diet has been found to 
be approximately 0.1 per cent of the diet.1. With practical diets, however, 


| more rapid growth is frequently obtained when betaine, choline, or other 


methylating compounds considerably in excess of this requirement are 
provided. Since such diets, unsupplemented, would not ordinarily be con- 
sidered deficient in methyl groups, it is of considerable interest to determine 


Weight, end Gain in weight, 


Supplement of 3 wks. depletion | 4 to 7 wks., in- 
period* clusivet 

, a - | gm. ~~ 
Be eh icd lpia 4 audi Wik Sial Wie lols SR ene he Macs Des 146 248 
I c's nyvancindeneasmonab dca: | 148 | 339 
| NPTETE TTT CR Te ere 144 335 
NN GUONOE:. i kc boccacat she daenaddeewdeekecs 144 450 
0.15% “6+ 0.2% betaine-HCl............ 149 454 


0.15% “* «O27 Cholime-Ch. : 0. hice. ccc 147 445 





* During the first 3 weeks all the chicks received the unsupplemented basal diet 
which had the following percentage composition: yellow corn-meal 46, ground whole 
wheat 15, pulverized oats 5, soy bean oil meal 30, fish liver oil 0.5, CaHPO, 2, CaCO; 1, 
NaCl 0.48, MnSO,-4H2O0 0.02; plus riboflavin 0.1 gm., niacin 1.0 gm., and calcium 
pantothenate 0.25 gm. per 100 pounds. 

t Nineteen white Leghorn male chicks were used in each lot, and no mortality 
occurred during the period from 4 to 7 weeks. 

t Wilson and Company’s 95 per cent alcohol-soluble liver extract paste. This 
amount has been found to supply the chick’s requirement for APF. 


the factors which influence the need for biologically available methyl 
groups. 

In a series of experiments dealing with this problem, evidence has been 
obtained that the need for supplementary methylating compounds is 
directly influenced by the animal protein factor (APF). The results of 
me experiment which are typical of those that have been obtained with 
both normal and partially APF-depleted chicks are presented in the table. 
A diet complete in all known vitamins and composed of mixed cereals, 
plant protein, and supplementary minerals and vitamins was significantly 

*Supported in part by a grant from the International Minerals and Chemical 
Corporation, Chicago, Illinois. 

‘Jukes, T. H., Proc. Soc. Exp. Biol. and Med., 46, 155 (1941). Hegsted, D. M., 
Mills, R. C., Elvehjem, C. A., and Hart, E. B., J. Biol. Chem., 138, 459 (1941). 

487 











488 LETTERS TO THE EDITORS 


improved by additions of betaine or choline. Since betaine was as effee- 
tive as choline in promoting the growth of chicks on this diet, it is prob- 
able that the effect was due to the increased methyl groups provided. 
However, the addition of 0.15 per cent of liver extract paste to the basal 
diet was considerably more effective in promoting growth than betaine or 
choline. Furthermore, when the liver paste was included, no improve- 
ment in growth was obtained by adding these methylating compounds, 
The amount of choline contributed to the diet by the level of liver paste 
used was negligible (0.0018 per cent). This particular liver paste has been 
used in our laboratory for a considerable period of time as a source of APF? 
It contains approximately 17 y of vitamin By activity per gm. by assay 
with L. leichmannii (ATCC 4797). 

The results obtained in these studies show that the inclusion of a source 
of APF in the basal diet relieved the need for supplementary methylating 
compounds under the experimental conditions. This indicates that at 
least one metabolic function of APF is concerned with transmethylation. 
It appears probable either (a) that transmethylation is more efficient in the 
presence of an adequate amount of APF or (b) that a partial deficiency of 
APF creates or stimulates metabolic processes which require excess methy| 
groups. Further work is required to show whether the activity of the liver 
paste is due to vitamin By or to some other component of APF. 


Agricultural Experiment Station and M. B. Gtnus 
the School of Nutrition L. C. Norris 
Cornell University 
Ithaca 


Received for publication, March 9, 1949 
2 Gillis, M. B., Heuser, G. F., and Norris, L. C., J. Nutr., 28, 153 (1942); and un- 
published work. 
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XANTHINE OXIDASE IN THE LIVERS OF RATS RECEIVING 
PURIFIED AND STOCK DIETS 


Sirs: 


It has been reported recently by Keith et al.' that chick liver xanthine 
oxidase is inversely related to the folic acid content of the purified diet fed. 
These investigators also found the average xanthine oxidase activity of 
livers of chicks fed a commercial diet to be less than for chicks fed a purified 
diet plus excess folic acid. Westerfeld and Richert? reported an opposite 
effect with rats fed commercial and purified diets. They found that nor- 
mal weanling rats which possess about one-half the average xanthine oxi- 
dase activity of healthy, mature rats showed no change in this starting level 

Xanthine oxidase activity is expressed as c¢.mm. of oxygen absorbed per hour per 
gm.of whole tissue. Group I animals were fed the purified diet used by Petering and 
Delor* from 28 days. Group II received the same purified diet, plus a supplement 
of 50 y of folic acid per 100 gm. of diet. Group III rats were fed an adequate stock 
diet from weaning time. The age of the rats varied from 10 to 40 weeks. 





Group I Group II Group III 
Rat No. Activity Rat No. Activity Rat No. Activity 

1 176 1 118 1 593 
2 126 2 178 2 408 
3 350 a 116 3 468 
4 168 { 306 4 367 
5 226 5 360 
6 294 6 312 
7 292 7 360 
8 250 

Average. . 235 180 410 


* Petering, H. F., and Delor, R. A., Science, 105, 547 (1947). 


when fed a purified diet for 6 weeks. However, when the weanling rats 
were placed on a commercial diet, or the purified diet plus raw cream, the 
xanthine oxidase activity increased to near normal within 2 weeks. This 
was taken to indicate the existence of a new dietary factor essential for 
maintenance of normal levels of liver xanthine oxidase. 

During the course of our studies* on the inhibition of xanthine oxidase 
activity, we have observed the same effect noted by Westerfeld and Richert. 

' Keith, C. K., Broach, W. J., Warren, D., Day, P. L., and Totter, J. R., J. Biol. 
Chem., 176, 1095 (1948). 


* Westerfeld, W. W., and Richert, D. A., Science, 109, 68 (1949). 
*To be published later. 
489 








490 LETTERS TO THE EDITORS 


Our data indicate a somewhat higher xanthine oxidase activity in the livers 
of rats fed an adequate stock diet than in those fed a purified diet contain- 
ing 2 per cent sulfasuxidine, either with or without added folic acid. When 
folic acid was added to the purified diet we found the rat liver to show g 
small but noticeable decrease in enzyme activity. 

The xanthine oxidase activity of the livers was measured by the method 
of Axelrod and Elvehjem.‘ The data shown in the table seem sufficient to 
indicate that rat liver xanthine oxidase activity in animals receiving a puri- 
fied diet is somewhat less than in animals receiving adequate nutrition. 
Because of the small number of animals studied and the individual varig- 
tions in activity of the livers, the small decrease in enzyme activity when 
folic acid was added to the purified diet may not be significant, but it does 
correspond qualitatively to Keith’s findings with chicks. 

Research Laboratories, The Upjohn J. A. Scamirr 


Company H. G. Pererine 
Kalamazoo, Michigan 


Received for publication, March 10, 1949 





‘ Axelrod, A. E., and Elvehjem, C. A., J. Biol. Chem., 140, 725 (1941) 
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ENZYMATIC SYNTHESIS OF CITRIC ACID BY CONDEN- 
SATION OF ACETATE AND OXALACETATE* 
Sirs: 


There is evidence that oxidative breakdown of carbohydrate and fatty 
acids leads to a common acetyl] derivative, which through condensation 


The values are measured in micromoles. 


Citrate found 


Complete |NoCoA|NoATP | No Mg** | NoOAA | No acetate 








With acetate............ 0.86, 1.26 | 0.06! 0.09 0.57 0 | 0.06 
“ acetoacetate. ......| 0.39 | 0.07 0.07 0 
a ——_—_—_—— — | -- ee . a 
Citrate found d-Isocitrate found 
Additions | a | ‘ 
15 min. | 30 min. | 60 min. | 15 min. 30 min. 60 min. 
Complete system. ....... | 0.30 0.45 1.17 |<0.005 <0.005 <0.005 
cis-Aconitate (1 uM)..... 0 0 0.17 0.04 0.09 0.22 
d-Isocitrate (1 uM)....... 0 0.05 0.09 0.90 0.82 0.69 


1.0 ml. of the complete system contained: enzyme (12 to 15 mg. of protein) in 0.02 
u NaHCO, 0.4 ml.; 0.025 m potassium phosphate buffer, pH 7.0; Co A, 2.25 to 5 
units; oxalacetate (OAA), 17 um; acetate (or acetoacetate), 20 um; ATP, 3 um; MgCl, 
4uM, L-cysteine, 10 um (no Co A, ATP, OAA, or acetate present in samples with 
added tricarboxylic acids). Incubated 60 minutes (unless otherwise stated) in 5 
per cent CO and 95 per cent Nez at 25°. Citric acid determined chemically (Krebs, 
H.A.,and Eggleston, L. V., Biochem. J., 38, 426 (1944)) ; isocitric acid enzymatically 
(Ochoa, S., J. Biol. Chem., 174, 133 (1948)). Weare indebted to Dr. D. Nachmansohn 
fora generous gift of a Co A preparation made by Parke, Davis and Company. 
This material was partially purified by precipitation with barium salts and acetone. 


Thesame results were obtained with a highly purified sample of Co A kindly supplied 
by Dr. F. Lipmann. 


with oxalacetate undergoes complete oxidation via the tricarboxylic 
tycle.! Recent work strongly suggests that coenzyme A (Co A) is involved 

* Aided by grants from the United States Public Health Service, the American 
Cancer Society (recommended by the Committee on Growth of the National Research 


Council), the Office of Naval Research, and the Rockefeller Foundation. 
‘Wood, H. G., Physiol. Rev., 26, 198 (1946). 
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in the above condensation? and shows that an active acetate can be gen- 
erated from acetate and ATP.*: 4 

We find that ammonium sulfate fractions from extracts of acetone-dried 
pigeon liver, prepared and aged as described by Kaplan and Lipmann,.5 
readily form citrate from acetate (or acetoacetate) and oxalacetate in the | 
presence of ATP, Co A, and Mg*+ (see the table).6 The aconitase con- 
tent of some preparations is so low that equilibrium between the three 
tricarboxylic acids fails to be established. It thus appears that citrate, | 
rather than cis-aconitate or isocitrate, is the condensation product. Con- 
densation between an acetyl phosphate‘ and oxalacetate may result in the | 
intermediate formation of citryl phosphate. | 

Since acetoacetate is less effective than acetate in forming citrate, it 
may be concluded that the keto acid does not condense with oxalacetate 
and must first undergo cleavage. 

Oxalacetate markedly depresses the synthesis of acetoacetate and the 
acetylation of sulfanilamide. This may indicate, as suggested by Soodak 
and Lipmann? for the above reactions, that the same acety] derivative is 
involved in the three condensations. 





Department of Pharmacology JosePH R. Stern’ 
New York University College of Medicine SEVERO OcHOoA 
New York 


Received for publication, March 15, 1949 

2 Novelli, G. D., and Lipmann, F., J. Biol. Chem., 171, 833 (1947). The réle of 
pantothenic acid in pyruvate oxidation was demonstrated by Dorfman, A., Berk- 
man, S., and Koser, 8S. A. (J. Biol. Chem., 144, 393 (1942)). 

* Kaplan, N. O., and Lipmann, F., J. Biol. Chem., 174, 37 (1948). Soodak, M., 
and Lipmann, F., J. Biol. Chem., 175, 999 (1948). Activity of ATP + acetate in 
biological acetylations (choline) was first demonstrated by Nachmansohn and 
Machado (J. Neurophysiol., 6, 397 (1943)). 

4This may be the ATP-acetate reaction product described by Kaplan and Lip- 
mann (J. Biol. Chem., 176, 459 (1948)). 

5 Kaplan, N. O., and Lipmann, F., Federation Proc., 6, 266 (1947). 

* The presence of cysteine is essential. 

7 Fellow in the Medical Sciences of the National Research Council. 
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THE SYNTHESIS OF GLUTATHIONE IN CELL-FREE PIGEON 
LIVER EXTRACTS* 


Sirs: 


It has been shown previously that isotopic glycine is incorporated into 
glutathione in rat liver slices! and in homogenates of pigeon liver.? Fur- 
ther study has shown that glutathione synthesis, as measured by the incor- 
poration of C'-glycine, also proceeds rapidly in the supernatant fluid of 


Incorporation of C'*-Glycine into Glutathione in Extracts of Acetone-Dried Pigeon Liver 


5 gm. of acetone powder from pigeon liver were extracted with 55 ml. of 0.15 M 
NaCl, 0.02 m NaHCOs, and 0.001 M cysteine. Each flask contained 5 ml. of centri- 
fuged extract, 1.2 ml. of 0.32 m glutamate, 1.2 ml. of 0.16 m C'*-glycine (specific 
activity 100,000 c.p.m.), 0.4 ml. of 0.16 M cysteine, 1 ml. of 0.15 m KCl, 2.5 ml. of 
0.1m phosphate buffer (pH 7.4), and 0.5 ml. of 0.15 m MgSO,. Total volume, 12.2 
ml. The solutions were incubated in Nz at 37° for 1 hour. After incubation, 30 
mg. of carrier glutathione were added and glutathione isolated as the cuprous mer- 
captide (Waelsch, H., and Rittenberg, D., J. Biol. Chem., 139, 761 (1941)). 








a Specific activity in 
Addition glycine moiety of glu 
tathione 


counts C4 per min. 


1. ATP 0.001 es avin ert ice 4 3315 
2. None : ee Pee ae: 73 
3. ATP 0.001 m, NH,Cl 0.002 m = 1%! 2194 
4, ATP 0.001 M, glutamate replaced by L-glutamine 705 
5. Same as (1), extract heated at 100° for 5 min, 10 


pigeon liver homogenates which had been centrifuged at 2000g for 10 min- 
utes. Practically no enzyme activity remains in the sediment and addition 
of heat-inactivated supernatant fluid or of cytochrome c, adenosine triphos- 
phate, and succinate to the particulate matter is without effect. 

Saline-bicarbonate extracts of acetone-dried pigeon liver were found to be 
as active enzymatically as whole homogenates. The C™ content of the glu- 
tathione in Experiment 1 corresponds to the synthesis of 1.7 mg. of the tri- 
peptide per gm. of dried liver per hour. The data in the table demonstrate 
that in such extracts the formation of labeled glutathione requires the pres- 
ence of adenosine triphosphate. In this system glutamine only partially 
replaces glutamic acid. Ammonium chloride in relatively low concentra- 

* Aided in part by a grant from the Dr. Wallace C. and Clara A. Abbott Memorial 
Fund of the University of Chieago. 


Bloch, K., and Anker, H.S., J. Biol. Chem., 169, 765 (1947). 
* Bloch, K., unpublished work. 
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tions depresses the level of synthetic activity. These two observations 
indicate that glutamine is not an intermediate in glutathione synthesis, and 
therefore that ATP does not exert its effect through the formation of glu- 
tamine.® 


Department of Biochemistry and the Rosert B. Jounston! 
Institute of Radiobiology and Konrap Buocu 
Biophysics 

University of Chicago 
Chicago 


Received for publication, March 18, 1949 





* Speck, J. F., J. Biol. Chem., 168, 403 (1947). 
4 National Cancer Institute Predoctorate Research Fellow. 
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THE FORMATION OF THE s-CARBON OF SERINE 
FROM CHOLINE METHYL GROUPS* 


Sirs: 


In a previous communication! we have presented evidence indicating that 
in the rat glycine is converted to serine via condensation with formate or a 
formate derivative. Some of this ‘formate’ is*formed from the a-carbon 
of glycine itself.” 





| coons | a* 8° 
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The administered choline contained 1.66 X 105 counts per minute per mg. of 


methyl carbon. 14 per cent of the choline C' was recovered in the respiratory 
COs. 


*Counts per minute per mg. of carbon. 


In the present investigation we have studied the possibility that ‘for- 
mate” may also be formed from one or more of the choline methyl groups. 
According to this hypothesis, liver serine isolated after the administration 
of C4-methyl-labeled choline should contain C* in the 8 position. 

Two male rats weighing a total of 333 gm. were given 5 mm of glycine per 
100 gm. by stomach tube and 0.045 mm of C'*-methyl-labeled choline per 
100 gm. subcutaneously. The latter dose was repeated at 2 and 4 hours 
following the original injection. After 14 hours the animals were sacri- 
fied. Serine was isolated from the livers and degraded as* previously 
described. 

The results of the C™ analyses, shown in the table, support the hypothe- 
sis that at least one of the methyl groups of choline may be converted to 
“formate.” The serine contained high C™ activity, almost all of which was 
located in the 8 position. 

This experiment indicates that one or more of the choline methyl groups 
may be converted to formate or a formate derivative and condensed with 
glycine to form the 8-carbon of serine. The in vivo oxidation of the methyl 


* Aided by a grant from the American Cancer Society, recommended by the Com- 
mittee on Growth of the National Research Council, and by support of the Elisabeth 
Severance Prentiss Foundation. 

‘Sakami, W., J. Biol. Chem., 176, 995 (1948). 

*Sakami, W., in press. 
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group of methionine to CO», reported by Mackenzie et al.,3 may occur over 
this pathway, since this group is transferable to choline.‘ 

The author wishes to express his appreciation to Dr. H. G. Wood for his 
interest in this investigation. 


Department of Biochemistry WARWICK Sakami 
School of Medicine 
Western Reserve University 
Cleveland 


Received for publication, March 21, 1949 


3 Mackenzie, C. G., Chandler, J. P., Keller, E. B., Rachele, J. R., Cross, N, 
Melville, D. B., and du Vigneaud, V., J. Biol. Chem., 169, 757 (1947). 

‘ du Vigneaud, V., Cohn, M., Chandler, J. P., Schenck, J. R., and Simmonds, §., 
J. Biol. Chem., 140, 625 (1941). Keller, E. B., Rachele, J. R., and du Vigneaud, V., 
J. Biol. Chem., 177, 733 (1949). 

5 With the technical assistance of Jean Lafaye. 





cur Over 


d for his 


K SAKamr? 


Cross, N., 


imonds, &., 
sneaud, V., 











THE ENZYMATIC TRANSFORMATION OF GALACTOSE INTO 
GLUCOSE DERIVATIVES 


Sirs: 


Extracts of galactose-fermenting yeasts contain the enzyme galacto- 
kinase,| which catalyzes a transphosphorylation between adenosine tri- 
phosphate and galactose. The reaction product galactose-1-phosphate was 
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micromoles of glucose-6-phosphatre 


no galactose-1-phosphate 
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+— rn no enzymes of — 
10 20 35 
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Fie. 1. The transformation of galactose-1-phosphate into glucose-6-phosphate. 
Whole system, 2 um of galactose-1-phosphate, 1 um of MgSQ,, 0.03 ml. of partially 
purified S. fragilis enzyme, 0.01 ml. of muscle extract containing phosphogluco- 
mutase, and 0.05 ml. of purified thermostable factor from yeast; total volume, 2.3 
ml. The glucose-6-phosphate is measured by its reducing power.® 

















known to be transformed by crude extracts? probably to glucose-6-phos- 
phate. 


A study of this reaction showed that, when a partially purified enzyme of 
Saccharomyces fragilis was used, two additional factors are necessary for 


'Trucco, R. E., Caputto, R., Leloir, L. F., and Mittelman, N., Arch. Biochem., 
18, 137 (1948). 


* Kosterlitz, H. W., Biochem. J., 38, 1087 (1939). Caputto, R., Leloir, L. F., 
Trucco, R. E., Cardini, C. E., and Paladini, A., Arch. Biochem., 18, 201 (1948). 
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maximum activity (Fig. 1). One is thermolabile and the other thermo. 
stable. The thermolabile factor is present in muscle and has been identi. 
fied with phosphoglucomutase by using this enzyme as purified by Najjar‘ | 
or yeast extract plus glucose diphosphate.*»> The reaction would be 


Galactose-1-phosphate — glucose-1-phosphate — glucose-6-phosphate 


(a) (b) 


In the absence of phosphoglucomutase, glucose-l1-phosphate accumu- | 
lates, as may be ascertained by destroying the S. fragilis enzyme by heat- 
ing, adding phosphoglucomutase, and then measuring the glucose-6-phos- 
phate formed. | 

The thermostable factor has been found to act in reaction (a), and is dif- 
ferent from glucose diphosphate, which acts in reaction (b). ‘This factor is 
present in mammalian liver and in commercial yeast. It is hoped that its 
identification will cast some light on the long sought mechanism of the in- 
version at C, in hexoses. 





Instituto de Investigaciones Bioqui- R. Caputto 
micas Luis F. Letom 
Fundacién Campomar R. E. Trucco 
Buenos Aires, Argentina C. E. Carpini 


A. C. Paapini 
Received for publication, March 24, 1949 


3 Paladini, A. C., Caputto, R., Leloir, L. F., Trueco, R. E., and Cardini, C. E., 
Arch. Biochem., in press. 

4 Najjar, V. A., J. Biol. Chem., 175, 281 (1948). 

‘ Leloir, L. F., Trucco, R. E., Cardini, C. E., Paladini, A., and Capuito, R., 
Arch. Biochem., 19, 339 (1948). 
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thermo- 
| identi- | DISTRIBUTION OF LABELED CARBON IN PLANT SUGARS 
Najjar’ | AFTER A SHORT PERIOD OF PHOTOSYNTHESIS 
e IN CO,* 
te | Sirs: 
| Aronoff et al.' reported that sugars isolated from barley seedlings which 

accumu- | had assimilated CO. contained labeled carbon in all positions. Most of 
by heat the label was in carbons 3 and 4, while carbons | and 6 had the least amount 
-6-phos- | of label and positions 2 and 5 were intermediate. 
nd is dif- —s ne ee ee ee eT és 
factor is Sugar Organism Carbons 1.6 Carbons 2.5 Carbons 3.4 
. = - Animal glucose................ | Rat 3.3 2.0 | 94.7 
a thr. monosaccharide..........| Barley 56 28 15 

Be ROCIO! 5 5a crs bhAlge eet heh ™ 36 33 31 

4‘ WR Axor arate ta ces ereeenn eee Canna 34 33 | 33 
.PUTTO oe ae ewe a _ tL T= ps 
F. LER | The figures in the table represent the percentage of radiocarbon in the various 
Trucco positions. 
. CARDINI 
_ PALADINI 


It has been found in this laboratory that sugars isolated from plants 
| which have photosynthesized in C™O, for 1, 2, and 24 hours have radioac- 
lini, C.E., tive carbon in all positions; however, in the 1 and 2 hour periods of photo- 
_ synthesis in barley the distribution of the label was opposite to that re- 
annie i | ported by Aronoff, Barker, and Calvin. The greatest percentage of the 
hie: label was in positions 1 and 6, while positions 3 and 4 contained the small- 

est percentage of radioactive carbon. 

The sugars were degraded according to the method of Wood et al.2 Lac- 
tobacillus casei Strong, obtained from the American Type Culture Collec- 
tion, was used to ferment the sugars to lactic acid. Sucrose was degraded 

| by hydrolysis with invertase, followed by L. casei fermentation. 

,} In order to check the procedures used in degradation, glucose obtained 
by hydrolysis of labeled rat liver glycogen prepared by the method of 
Lilversmit et al. was degraded by the identical procedure used for the 


*This research was carried out at the Brookhaven National Laboratory under 
the auspices of the Atomic Energy Commission. 

' Aronoff, S., Barker, H. A., and Calvin, M., J. Biol. Chem., 169, 459 (1947). 

* Wood, H. G., Lifson, N., and Lorber, V., J. Biol. Chem., 159, 475 (1945). 


* Zilversmit, D. B., Chaikoff, I. L., Feller, D. D., and Masoro, E. J., J. Biol.Chem., 
176, 389 (1948). 
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plant sugars. The degradation results on this hydrolyzed glycogen agree 
with those recently reported by Shreeve et al.‘ 

Department of Biology MARTIN Grpps 


Brookhaven National Laboratory 
Upton, New York 


Received for publication, March 24, 1949 


‘Shreeve, W. W., Feil, G. H., Lorber, V., and Wood, H. G., J. Biol. Chem., 111, 
679 (1949). 
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THE MECHANISM OF ACTION OF PHOSPHOGLUCOMUTASE 
AND PHOSPHOGLYCERIC ACID MUTASE 
Sirs: 

It was shown in a previous note! that the conversion of glucose-1-phos- 
phate (G-1-P) to glucose-6-phosphate (G-6-P) by crystalline phosphoglu- 
comutase requires the presence of catalytic amounts of glucose-1 ,6-diphos- 
phate (G-1,6-P), confirming a scheme proposed by Leloir and coworkers.? 


6-P 1-P 6-P 1-P 
4 4 / / 
x G == + G 
\ s ™ < 
LP ae G l< 6-P 


When a-G-1-P containing C™ and P*® was incubated with enzyme and 
non-radioactive synthetic a-G-1,6-P, the radioactivity of both the carbon 
and phosphorus became evenly distributed among the three compounds 
participating in the reaction, in agreement with the above scheme. 

In an analogous manner the mutase which catalyzes the reaction, 3- 
phosphoglyceric acid (3-P-GA) = 2-phosphoglyceric acid (2-P-GA), is 
activated by catalytic amounts of 2,3-diphosphoglyceric acid (2,3-P-GA), 
a compound which Greenwald? isolated from red blood corpuscles. This 
can be demonstrated in dialyzed extracts of previously perfused muscle 
as well as with a protein fraction which precipitates between 0.4 and 0.5 
saturation with ammonium sulfate. In the two experiments shown the 
conversion of 2-P-GA to 3-P-GA was measured polarimetrically.‘ 

The catalytic action of 2,3-P-GA could also be demonstrated in a system 
consisting of purified enolase and phosphoglyceric mutase. Starting with 
3-P-GA, the formation of phosphopyruvate (measured spectrophotometri- 
cally at 240 mu®) was accelerated by 2,3-P-GA; likewise, after the enolase 
equilibrium had been established with 2-P-GA, the disappearance of phos- 
phopyruvate on addition of mutase was accelerated by 2,3-P-GA. Ina 
representative experiment, during 20 minutes of incubation, 0.11 uM of 
phosphopyruvate per ml. disappeared without and 3.4 um with the addition 
of a catalytic amount of 2,3-P-GA; the latter value corresponded to that 
expected for the enolase-mutase equilibrium. 


‘Sutherland, E., Posternak, T., and Cori, C. F., Federation Proc., 8, 258 (1949). 

?Leloir, L. F., Trueco, R. E., Cardini, C. E., Paladini, A., and Caputto, R., 
Arch. Biochem., 19, 339 (1948). 

* Greenwald, I., J. Biol. Chem., 68, 339 (1925). 

‘Meyerhof, O., and Schulz, W., Biochem. Z., 297, 60 (1938). 

* Warburg, 0., Biochem. Z., 310, 384 (1942). 
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p(—)-3-P-GA containing P®? was incubated with enzyme and non-radio- 
active 2,3-P-GA. Separation of the components was effected by the dif- 
ferential solubility of their brucine salts in water, 2,3-P-GA being the least 





D(-+)-2-P-GA__| | 


es | irae | ae time (added | 2,5-P-GA added | 3-P-GA formed 
min. uM per ml. uM per ml. | uM per ml, | 

0.0-0.5 15 8.6 | None 0.87 

15 8.6 | 0.013 | 1.85 

0.4-0.5 15 | 12.5 None | 0.52 

15 12.5 0.0065 | 2.52 


15 12.5 


| 0.0260 5.89 


soluble. The distribution of P*? was in accord with the following equation 
(which is analogous to that given for phosphoglucomutase). 


2-P 3-P 2-P 3-P 
4 / - o 
GA + GA poco. ee + GA 
\ \ hy : 
3-P ——— 2 ay eee 2-P 





It may be pointed out that other phosphomutases are known to exist 
(e.g., those for ribose-l-phosphate and desoxyribose-1-phosphate), which 
may have the same mechanism of action. 





Department of Biological Chemistry Ear. W. SuTHERLAND 
Washington University School of T. Z. Posternaxk® 
Medicine Cart F. Cort 
St. Louis 


Received for publication, March 31, 1949 


6 Research Fellow of the Rockefeller Foundation. 
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INHIBITION OF PHOSPHORYLATION BY AZIDE IN KIDNEY 
HOMOGENATE 


Sirs: 


Azide and dinitrophenol have lately come into collateral use! as standard 
reagents in the study of the biochemistry of growth. Such experiments had 
been mainly carried out with intact organisms or tissues. In a recent com- 


TABLE I 
All Warburg cups contained 1.0 ml. of washed kidney homogenate plus additions 
as described in our previous communication.*? Sodium azide (Eastman, practical) 
was added from a side arm together with 0.5 ml. of 0.1 m K;Fe(CN). after flushing 
of the vessels with Nz. Time 5 minutes; temperature 37°. 

















Additions Ferrocyanide pro- | Phosphate uptake | paren 
| 
Mab ececcccecveccsese 43.5 18.7 0.86 
1.7X 107? mu NaNsz....... 46.5 6.1 0.26 
a daallllllaalaa OOEET 45.8 3.2 0.14 
alll al Oey 41.8 1.3 0.06 





All figures in micromoles. 
*Ferrocyanide was measured colorimetrically with ferric iron-gum ghatti solu- 
tion after Folin and Malmros (J. Biol. Chem., 83, 115 (1929)). 


TABLE II 


All the cups were as described above, with the exception that adenosine-5-phos- 
phate was added only as described below. Temperature 37°; time 5 minutes. 














Adenosine-5S-phosphate, M.............0.ceceeeeeseeeeees 0 0 6.7 X 00-* | 6.7 X 10-4 
EERE HE SERS ED SMES SN 0 1X 10-2 0 1 X 10-2 
Ferrocyanide produced (uM)............... 7.5 17.8 | 27.2 27.5 





munication we reported*:‘ that in tissue homogenates dinitrophenol dis- 
sociates the hydrogen transfer reaction from the generation of phosphate 
bonds and makes the system apparently independent of the presence of 
inorganic phosphate. 

The rather striking analogy of the biological action of azide to that of 
dinitrophenol made it particularly desirable to attempt likewise to localize 


‘Clifton, C. E., Advances in Enzymol., 6, 269 (1946). Spiegelman, S., Kamen, 
M. D., and Sussman, M., Arch. Biochem., 18, 409 (1948). 

*Hall, T. S., and Moog, F., J. Exp. Zool., 109, 339 (1949). 

*Loomis, W. F., and Lipmann, F., J. Biol. Chem., 178, 807 (1948). 


‘Cross, R. J., Taggart, J. V., Covo, G. A., and Green, D. E., J. Biol. Chem., 
177, 655 (1949). 
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its point of attack. Preliminary results with respiring homogenates a]. 
ready suggested a dissociation of respiration from phosphorylation. How. 
ever, the well known sensitivity of the oxygen-activating system to azide 
overlapped so closely with the effect on phosphorylation that this system | Sirs 
appeared unsuited for obtaining clear cut evidence. It subsequently ap- 
peared that oxygen could be effectively replaced by ferricyanide as hydro- 





gen acceptor, whereupon the hydrogen transfer reaction became insensitive |” 
to both cyanide and azide. Such a system appeared to be better suited for | - 
a study of the azide effect. The following experiment now shows an unam- | = 
biguous interference by azide with phosphorylation, with yeast hexokinase- ben 
fructose as the phosphate bond acceptor system. abs 
This inhibition is easily reversible by washing the residue. A further en 
analysis suggests that azide acts between the primarily formed phosphate . 
bond and adenylic acid, since inorganic phosphate appears still to be es- - 
sential for the hydrogen transfer reaction, while adenylic acid may at least + 
partially be ‘‘replaced”’ by azide, as shown in the subsequent experiment. | phy 
Experiments in progress show that dyes like methylene blue and cresyl " 
blue, although accelerating respiration, disrupt the link to phosphorylation 
and replace inorganic phosphate.® | _ 
Department of Biology W. F. Loomis redt 
Massachusetts Institute of Tech- tive 
nolo 
Cambridge ge 
Biochemical Research Laboratory, Fritz Lremann | 
Massachusetts General Hospital, | = 
and the Department of Biological grol 
Chemistry wou 
Harvard Medical School Fur 
Boston 
The 
Received for publication, April 1, 1949 
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5 The authors wish to express their thanks to Miss Helen Vavoudes for technical | 
assistance. ™ 
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THE PHEOPORPHYRIN NATURE OF CHLOROPHYLL c 


| Sirs: 


Strain and coworkers! have definitely established the fact that there exists 
in the diatoms, dinoflagellates, and brown algae, besides chlorophyll a, 
another green pigment to which they have given the name chlorophyll c. 
We have recently isolated a small quantity of this pigment from a 
Laminaria species obtained from Woods Hole, and have confirmed the 
absorption spectrum of Strain et al., which so far has been the only property 
identifying this pigment. 

We have now found that this compound is a Mg complex, the Mg having 
been identified by a micro modification of the titan yellow method.? In 
contrast to the traces of acid which are sufficient to split Mg from chloro- 

- phyll a and b, the removal of Mg from this compound requires a surpris- 
ingly high acidity, in the neighborhood of 3 to 4 nN HCl. 

The HCl number of this compound devoid of Mg is about 12, indicating 
that it does not possess a phytol group. Its spectrum resembles that of a 
pheoporphyrin rather than a pheophorbide (i.e. pyrrole Ring IV is not 
reduced). The presence of a cyclopentanone ring is suggested by the posi- 
tive phase test and the formation of a chloroporphyrin type of spectrum on 


| treatment with methyl alcoholic HCl. 


These properties of chlorophyll ¢ suggest that this compound may be a 
modified Mg pheoporphyrin, containing an as yet unidentified chromophore 
group and lacking phytol. According to this interpretation the compound 
would then be more closely related to protochlorophyll than to chlorophyll. 
Further work is contemplated when more material becomes available. 


The Rockefeller Institute for Medical S. GRANICK 
Research 





New York 
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| ‘Strain, H. H., and Manning, W. M., J. Biol. Chem., 144, 625 (1942). Strain, 
| H. H., Manning, W. M., and Hardin, G., J. Biol. Chem., 148, 655 (1943). 

| *Ludwig, E. E., and Johnson, C. R., Ind. and Eng. Chem., Anal. Ed., 14, 895 
| (1942), 
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PARTIAL SYNTHESIS OF COMPOUNDS RELATED TO ADRENAL 
CORTICAL HORMONES 


XII. PREPARATION OF 17-HYDROXYPROGESTERONE AND OTHER 
17a-HY DROXY-20-KETOSTEROIDS* 


Sirs: 


A 17-hydroxy] group in the proper spatial configuration greatly enhances 
the biological activity of adrenocortical hormones compared with other 
steroids lacking this functional group. The partial synthesis of this im- 
portant class of substances has been difficult because of the unavailability 
of the initial reactants. Introduction of the 17-OH group in the natural 
configuration has been hitherto achieved through OsQ, oxidation of the 
A'7°ynsaturated steroids! and more recently by reduction of 16,17- 
epoxy-20-ketosteroids with LiAlH,.? We wish to report a simple procedure 
for the direct introduction of a 17a tertiary alcohol group into the readily 
available 20-ketosteroids. 

Treatment of the enol acetate of a 20-ketosteroid with a concentrated 
solution of perbenzoic acid in either benzene or chloroform results in forma- 
tion of a 17-hydroxysteroid where the tertiary alcohol group occupies the 
desired a configuration. Oxidation of such enol acetates with CrO in a 
biphasic system likewise effects hydroxylation at C-17 in the a configura- 
tion, although the yield is less satisfactory than that obtained with perben- 
zoic acid. 

In a typical experiment 4.96 mm of perbenzoic acid in 8.0 ml. of chloro- 
form were added to 3.75 mm (1.51 gm.) of amorphous 3a,20-diacetoxy- 
A7,0_pregnene.? The solution warmed spontaneously and was stored for 2 
hours; titration of an aliquot indicated that approximately 90 per cent of 
the enol acetate had reacted. The neutral reaction product was saponi- 
fied at room temperature for 30 minutes and yielded a crystalline com- 
pound melting at 193-200°. Recrystallization from acetone gave pure 
3a, 17a-dihydroxypregnan-20-one, m.p. 208-209.5°; [a]? = +63° (eth- 
anol). The infra-red spectrum was identical with that of an authentic 


*The work herein reported was supported by grants from the Jane Coffin Childs 
Memorial Fund for Medical Research, the Anna Fuller Fund, the Lillia Babbit 
Hyde Foundation, and the National Cancer Institute, United States Public Health 
Service. 

'Serini, A., Logemann, W., and Hildebrand, W., Ber. chem. Ges., 72, 391 (1939). 
Sarett, L. H., J. Biol. Chem., 162, 601 (1946). 

* Plattner, P. A., Heusser, H., and Feurer, M., Helv. chim. acta, 31, 2210 (1948). 
Julian, P. L., Meyer, E. W., and Ryden, I., J. Am. Chem. Soc., 71, 756 (1949). 

*Marshall, C. W., Kritchevsky, T. H., Lieberman, S., and Gallagher, T. F., 
J. Am. Chem. Soc., 70, 1837 (1948). 
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sample. This compound has been identified as a urinary metabolite by 
Lieberman and Dobriner.* The monoacetate, prepared with acetic an. 
hydride and pyridine, melted at 198.5-199.5° and exhibited an infra-red 
spectrum identical with that of the known compound. Oxidation of the 
acetate with chromic acid yielded 3a-acetoxyetiocholan-17-one, m.p, 94 
95°. 

In similar fashion 38 ,17a-dihydroxyallopregnan-20-one (Reichstein’s 
compound L) was prepared from the enol acetate of allopregnanolone, 
The product melted at 257-259° (capillary); [o]” = +831.7° (ethanol), 
The monoacetate melted at 188-190°; [a]? = +16° (acetone). 

Oxidation of 3a,17a-dihydroxypregnan-20-one with N-bromoacetamide 
yielded 17a-hydroxypregnan-3 ,20-dione, m.p. 215-217"; [a]? - 53.9° 
(ethanol); CoH 203, calculated, C 75.82, H 9.70; found, C 76.05, H 9.60. 
Bromination of the diketone followed by dehydrobromination with pyri- 
dine yielded 17a-hydroxyprogesterone, m.p. 219-220°;  é2420 16,500 
(ethanol). The product showed no depression of melting point upon ad- 
mixture with an authentic sample obtained from adrenal glands (kindly 
furnished by Dr. M. Kuizenga). 

We have also prepared these adrenal cortical hormones with deuterium 
in known stable positions, e.g. at 11 and 12 and at 5 and 6. These com- 
pounds will be employed in metabolic studies with human subjects. 
Sloan-Kettering Institute for Cancer THEODORE H. KRitTcHEVsk} 


Research T. F. GALLAGHER 
New York 


Received for publication, March 28, 1949 


4 Lieberman, S., and Dobriner, K., J. Biol. Chem., 161, 269 (1945). 
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THE NET UTILIZATION OF AMMONIUM NITROGEN BY THE 
GROWING RAT* 


Sirs: 


While it is well known that ruminants (with the aid of rumen microor- 
ganisms) can utilize ammonium salts and urea in lieu of dietary protein,’ ? 
it has long been held that monogastric animals cannot.! In view of the 
findings of Foster, Schoenheimer, and Rittenberg* that dietary ammonium 
N js rapidly incorporated into rat tissue proteins, it seemed possible that 
the nitrogen of ammonium salts might be utilized to replace that of the 
“non-essential” amino acids. This possibility has been tested with rats 
fed low levels of the essential* amino acids. 





Loti | Lot If | Lot Il | LotIv | Lot V 





| 


ES eee. i. 


: 
| 1.01 | 0.82 | 1.09 
Weight gain during 2nd—-4th wks., gm..| 48, 43 | 66, 51 | 24, 27 | 29, 27 | 47, 48 
Average daily N intake, mg.*........./126.3 153.8 (106.7 67.8 (137.0 
“© fecal N, mg.*........... }24.1 118.7 | 18.7 | 13.4 | 19.1 
” “ urinary N, mg.*........| 30.6 27.6 | 29.3 10.2 | 12.7 
« “ “ NHN, mg.*...| 1.6 40 | 06 | 0.3 | 2.2 
Dietary N retained, %..............4. 59700 | 65 6 77 








* The nitrogen balance data were obtained for 6 consecutive days during the 4th 
week of the experiment. 


A basal diet of amino acids, sucrose 15, corn oil 5, Phillips and Hart salt 
mixture 4, crystalline vitamins 0.3,> liver extract 1:20 (Wilson) 0.1, and 
dextrin to make 100 per cent was used. Vitamins A and D were given by 
dropper weekly. 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Nutrition Foundation, 
Inc. The authors wish to thank Dr. D. F. Green of Merck and Company for the 
generous supplies of pL-threonine, Dr. M. Stahmann for papain, and Dr. D. G. 
Daugherty and Mr. E. A. Popenoe for details of methods they have developed for 
the resolution of amino acids. 
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Lot I was fed a mixture of eighteen amino acids similar to Mixture XXJIJ 
of Rose et al.‘ except that the level of phenylalanine was increased 33 per 
cent and tyrosine was omitted. The mixture was fed at a level of 10.3 per 
cent of the diet. Lot II received only the essential amino acids at a level 
of 8 per cent and diammonium citrate (2.15 per cent) to raise the level of 
total nitrogen to that of Lot I. Lot III received only the essential amino 
acids, and Lot IV same as Lot III except that L-valine, L-isoleucine, 1- 
threonine, and L-phenylalanine replaced the pu forms of these amino acids, 
Lot V received the same as Lot IV plus diammonium citrate at 2.15 per 
cent. The nitrogen content of the rations is shown in the table. The dif. 
ference in nitrogen content between Lots III and IV and Lots II and V re. 
sults from the p-amino acids present in the first of each pair. The rations 
were fed ad libitum. Two weanling male rats were used per lot. Thet- 
amino acids not available commercially in pure form were prepared by a 
resolution procedure developed by Dr. D. G. Daugherty and Mr. E, A. 
Popenoe. 

As shown in the table, diammonium citrate added to diets containing only 
6.4 per cent of a mixture of essential physiologically active amino acids 
gave as great a growth response (Lots II and V) as did the non-essential 
amino acids (Lot I). That the inorganic nitrogen is being incorporated 
into organic forms is demonstrated by the fact that the amount of urinary 
ammonium nitrogen in Lots II and V is about 10 per cent of that ingested 
and is not far greater than the amount excreted by the ratsin Lot I. Nitro- 
gen balance studies, urinary analyses for ammonium nitrogen, and growth 
data indicate a net utilization of ammonium nitrogen by the growing rat. 
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